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This  technique  has  been  applied  with  suc^ss  to  Si02  and  silicon- 
on-sapphire  thin  films.  The  data  reveal  a  6  A  thick  inner  layer  between 
the  Sid^  film  and  the  silicon  substrate.  The  films  have  various  stress 
values  in  the  dvne/cm?  range.  Strong  stress  (up  to  JO^  clvne/cm2) 

is  found  in  silicon-on-sapphire.  Three  SOS  samples  were  graded  for 
optical  quality  —  the  degree  of  perfection  was  inversely  related  to 
the  amount  of  stress  found. 
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EVALUATION 


Hughes  has  done  an  excellent  job  in  applying  the  ell  ipsometer  to  the  problem 
of  nondestructive  measurement  of  stress  in  silicon  dioxide  on  silicon  and  silicon  on 
sapphire.  The  development  of  multiangle  ell ipsometry  for  this  purpose  and  to 
measure  the  interphase  layer  between  the  film  and  its  substrate  was  an  exclusive 
Hughes  development.  They  not  only  investigated  and  stressed  the  strong  points  of 
the  technique,  however,  they  also  investigated  the  limitation  of  the  method.  As  a 
result  of  this  contract  a  significant  step  forward  has  been  made  in  ell  ipsometry  and 
its  application  to  nondestructive  in-line  testing.  The  technique  permits 
self -standardization  in  that  no  external  standards  are  required  for  comparison.  It 
can  be  applied  to  the  study  of  corrosion,  impurity  segregation,  multilayer  films, 
etc.  as  well  as  oxidation  and  heteroepitaxy.  The  possiblity  of  obtaining 
information  on  defect  densities  in  heteroepitaxy  films  has  been  demonstrated  as 
well. 


The  Air  Force  as  well  as  the  other  services  can  make  use  of  this  tool  in  a 
myriad  of  ways.  In  particular  the  method  may  be  applied  to  wafer  selection  for 
silicon  on  sapphire  processing.  We  expect  the  result  will  be  an  improvement  in 
yield,  reliability  and  cost  of  SOS  devices.  This,  of  course,  is  the  ultimate  goal  of 
our  basic  research  program  in  support  of  the  RA DC  technical  program  objective 
for  solid  state  device  reliability. 
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SECTION  I 


INTRODUCTION  AND  OVERVIEW 


A.  BACKGROUND 

The  increasing  stringency  of  the  speed,  power,  and  density  requirements 

of  military  systems  over  the  past  decade  has  contributed  to  a  rapid  reduction 

m  the  typical  feature  size  of  IC  components  and  to  the  development  of  high- 

2 

performance  technologies  such  as  CMOS/SOS  and  I  L.  To  allow  semiconductor 
technologies  to  evolve  toward  even  smaller  feature  sizes  and  improved  per¬ 
formance  characteristics,  a  better  understanding  of  the  physical  principles 
controlling  semiconductor  device  behavior  is  crucial.  Particular  emphasis 
must  be  placed  on  understanding  second-order  phenomena:  their  influence, 
which  could  be  neglected  for  relatively  large  device  dimensions,  increases 
rapidly  as  IC  feature  sizes  are  scaled  to  submicrometer  dimensions. 

Mechanical  stress  in  silicon  and  silicon  dioxide  thin  films  is  an  example 

1  2 

of  such  a  phenomenon.  Large  stresses  exist  in  thermally  oxidized  silicon  ’ 

3  4 

and  at  the  interface  between  silicon  and  sapphire  in  SOS  systems.  ’  A  cor¬ 
relation  between  Si/SiO  interface  state  density  and  both  stress  and  stress 

L  5 

history  has  been  suggested.  Defect  density  in  oxide  windows  may  be  a  stress- 
dependent  phenomenon.  It  is  also  known  that  stress  in  SOS  films  can  signifi¬ 
cantly  affect  carrier  mobility, ^  energy  band  gap  shift, ^  and  defect  density  at 
the  material  interface.  But  in  spite  of  such  evidence,  silicon  IC  design  and 
fabrication  techniques  have  evolved  with  little  or  no  regard  for  their  effects 
on  film  stress  and  subsequent  circuit  performance. 

This  report  contains  the  results  of  a  12-month  program,  entitled 
Mechanical  Stress  Effects  in  Silicon  Devices,  to  study  the  correlation  between 
stress  in  silicon/silicon  dioxide  and  silicon-on-sapphire  systems  and  the 
electrical  properties  of  silicon  and  SOS  devices,  including  those  factors  dur¬ 
ing  epitaxial  growth  and  thermal  oxidation  of  silicon  films  that  influence 
stress.  We  believe  that  this  study  was  a  crucial  companion  effort  to  the 
VHSIC  program  under  way  in  the  Department  of  Defense.  Investigation  into  the 
role  of  interface  stress  in  influencing  such  IC  cost-  and  performance-related 
parameters  as  defect  density,  interface  state  density,  and  carrier  mobility  is 
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essential  to  the  c.oiuplet  understanding  of  la  vice  a.:o  tircuii  o;>-;r.itie..i 
at  the  submicrometer  dimensions  reqaireu  Lor  VHMC. 

B.  TECHNICAL  DISCUSSION 

1.  Stress  In  Thermally  Grown  Silicon  Oxide 

a.  Growth  Conditions 

Silicon  oxide  films  on  silicon  are  known  to  become  compress.  ■ 

thermally  grown  and  cooled  as  a  result  of  the  difference  in  thermal  e>rp.  -'sion 

1  2 

coefficients  between  the  two  films.  ’  The  magnitude  of  the  result jnt  stress 

]  9  9 

in  the  oxide  has  been  measured  in  the  range  1  to  5  x  10  dyn/ccf  .  in  gen¬ 
eral,  samples  oxidized  in  wet  0  exhibited  less  stress  than  those  oxidized  is 
1  2 

dry  0^ .  A  residual  hydroxyl  concentration  in  the  oxide,  which  may  increase 
its  thermal  expansion  coefficient,  was  suggested  to  explain  this  phenomenon. 
Oxide  stress  was  observed  to  increase  with  quench  rate.  Viscous  flow  of  the 
oxide  may  cause  thermal  equilibrium  to  be  reached  at  a  temperature  below  the 
growth  temperature  when  the  samples  are  slow-cooled.  The  oxide  stress  would 
then  be  proportional  to  the  difference  between  room  temperature  and  the  equi¬ 
librium  temperature,  rather  than  between  room  temperature  and  the  higher 
growth  temperature,  thereby  explaining  the  stress  reduction.  It  has  also  been 
shown**  that  residual  stress  is  lower  in  oxides  grown  at  lower  temperatures 
a  result  of  the  reduced  cooling  range. 

b.  Stress  Relaxation 

Because  thermally  grown  silicon  oxides  exhibit  viscous  flow  at  tem¬ 
peratures  as  low  as  965°C,  it  appears  possible  that  an  anneal  of  an  oxiti. 
grown  at  a  higher  temperature  might  reduce  residual  stress  by  allowing  the? ■ . 
equilibrium  to  be  reached  between  the  oxide  and  the  silicon  substrar-  at  the 

Q 

lower  temperature.  It  has  been  suggested,  however,  that  a  significant  mint  ■<. 
of  interface  states  may  be  created  when  stress  relaxation  is  caused  by  visit  in¬ 
flow. 

Stress  relief  in  deposited  silicon  oxide  films  has  also  been  observed'* 

after  ultraviolet  irradiation.  The  stress  relaxation  mechanism  here  is 
9 

believed  to  be  the  mobilization  and  redistribution  of  gettered  oxygen  atoms 
in  the  oxide  film  resulting  from  the  absorption  of  radiation. 
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Interface  States 


c . 

A  relation  between  stress  and  interface  states  in  the  Si/SiO 
system  has  not  been  clearly  established.  Whelan  et  al .  found  no  correlation 
between  interface  state  density  and  either  residual  stress  or  induced  stress 
up  to  sample  fracturing.  Lane,"*  on  the  other  hand,  has  found  evidence  that 
the  interface  state  density  decreases  as  stress  increases.  He  attributes 
interface  states  to  vacancies  at  the  Si/SiO^  interface  and  correlates  the 
reduction  in  interface  state  density  to  the  disappearance  of  vacancies  during 
compressive  stress. 

5  8 

It  has  also  been  demonstrated  ’  that  the  reduction  of  the  interface 
stress  through  annealing  can  give  rise  to  an  increase  in  surface  state  den¬ 
sity.  Lane^  attributes  this  to  the  reappearance  of  vacancies  at  the  inter- 

g 

face  as  the  compression  is  reduced,  while  Ernisse  and  Derbenwick  postulate 
the  creation  of  hole  traps  near  the  Si/SiO^  interface  that  arise  during  the 
viscous  flow  of  the  annealing  oxide.  The  hole  trap  model  also  explains  the 
flatband  voltage  shift  observed  in  stress-relieved  oxides  under  ionizing 
radiation.  In  this  model,  a  net  positive  charge  accumulates  in  the  hole 
traps  at  the  interface  whenever  an  electron-hole  pair  is  created  by  an  imping¬ 
ing  high-energy  photon.  This  interface  charge  then  causes  the  observed  flat- 
band  shift. 

d.  Defect  Density 

Another  crucial  topic  in  silicon  IC  fabrication  is  the  relation 
between  stress  at  the  Si/SiO^  or  the  Si/A^O^  interfaces  and  the  density  of 
silicon  surface  defects.  This  can  affect  circuit  performance  and  reliability 
through  reduced  surface  breakdown  voltage,  decreased  carriei  mobility,  sur¬ 
face  conduction  mechanisms,  and  surface-to-substrate  shorts.  The  importance 
of  this  problem  is  expected  to  increase  significantly  as  the  smaller  feature 
sizes  and  greater  packing  densities  required  for  VLSI  and  VHSI  increase  '.hi 
stringency  of  material  defect  requirement - 

A  study  of  the  effects  of  stress  on  defect  density  in  windows  opene.' 
in  thermally  grown  SiC^  can  serve  as  • i  oasis  for  the  evaluation  of  strei? 
induced  defects.  A  further  •  ■}■  ■  ->  ■  ,>e  of  such  an  investigation  is  the  anility 
to  consider  defect  deuoity  as  a  unction  of  window  size.  Since  the  et  aung 


9 
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;  wimii.'w.i  iii  thermal  oxides  changes  the  stress  distribution  in  tin-  exposed 
■revs  ^  [here  should  be  a  cone !  ntion  between  window  size  ana  delect  leiisii 
Ine  d  isti  I  but  101.  ot  detects  L.-  ext  >  te  J  t  vary  across  the  window  due 

the  discontinuity  in  interfaeial  stress  at  tlie  window  edges.  This  may 
.  '!  particular  interest  in  VHSI  and  VLSI  circuits  where  the  reduced  size  of 

r..e  i'">ata;t  windows  will  significantly  increase  the  window  perimeter-t  o-area 
ratio,  thereby  leveraging  the  importance  of  window  edge- related  defects 

Stress-induced  defects  ar  the  Si/SiO  interface  can  increase  surface 
leakage  In  p--n  junction  devices  by  acting  as  minority  carrier  recombination 
sites  Surface  carrier  mobility  is  also  reduced  due  to  scattering  from 
defect  sites.  Surface  defects  can  also  cause  premature  junction  breakdown 
by  distorting  the  electric  field  distribution  in  the  junction,  thereby 
enhancing  avalanche  multiplication.  Each  of  these  effects  represents  a  poten 
tial  circuit  failure  mechanism  the  importance  of  which  must  be  cvalcca ,!  and 
minimized  before  any  VHSI  or  VLSI  techno logy  can  be  developed. 

2.  Stress  In  Silicon-On-Sapphire 
a.  Growth  Conditions 

3 

Stress  in  epitaxial  silicon-on-sapphi ic  has  aeon  measured  to  be 

10  2 

as  high  as  1  x  10  dyn/cttT.  The  source  of  this  interfacia'  stress  lies 
both  in  the  difference  in  thermal  expansion  coefficients  between  the  two 
materials  as  the  wafers  are  cooled  from  cue  growth  temper utut e ,  ue  wei j  as 
in  an  inherent  mismatch  between  the  lattices  of  (100)  silicon  and  [110c J 
.  pphiie . 

Although  the  lattice  mismatch  at  the  SOS  interface  adds  a  degree  ot 
wmpifexity  that  was  lacking  in  the  Si/SiO^  system,  it  appears  possible  mat 
> onsiderable  stress  reduction  can  be  achieved  at  the  SOS  interface  through 
a .  t:  r  J.  control  of  tut-  epitaxial  growth  process.  Moreover,  Lne  Lai  k  ■  f  a 
technique  for  rapidly  evaluating  i  Lrn  quality  in  SOS  materials  has  been  an 
ind  ist  ry-  wide  problem.  .c  quality  t-r  SOS  films  ha.--  been  measure  a  with 
K  :  l  .<-  t  f  * 1 1  d  boCKscatter  lii,,  , :\ hi, )  an c;  ,  .  ; :  1  e  -  ie  i  lee  t  i  on  X- 1  a y  a i  f  [  at  t  .i  •  • 
but,  these  techniques  arc  tedious  and  t  i,..t  consuming.  The  ellipse-met  r  w 
Stress  measurement  technique  !e scribed  in  Section  2  c.ei  .;!  lei  a  rap:-!  and 
atciai'  evaluation  of  the  s*  a- ting  mat  e  rial  <>.  -os  devices. 

in 


b. 


Mobility 


The  piezoresistance  effect,  in  which  carrier  mobility  in  the  Si 
lattice  is  changed  when  stresses  are  applied,  has  been  recognized  in  bulk  Si 
for  many  years.  Hughes  and  Thorsen^  have  demonstrated  that  the  same  princi¬ 
ple  applies  in  the  SOS  system  by  showing  a  good  correlation  between  the 
•inisotropies  in  residual  stress  and  Hall  mobility  in  SOS  thin  films. 

A  direct  correlation  between  stress  and  mobility  through  a  piezo- 
resistance  effect  is  complicated  in  SOS  structures  by  the  interrelation¬ 
ship  between  stress  and  defect  formation  at  the  SOS  interface.  It  is  known 
that  defect  scattering  can  significantly  reduce  carrier  mobility  near  the 
Si/Al203  interface. 

c.  Energy  Band  Gap 

Changes  in  the  energy  band  gap  of  semiconductors  as  pressure  is 
applied  have  been  studied  by  various  authors.  Bulthuis^  demonstrated  this 
correlation  in  Si  by  observing  changes  in  reverse  current  in  p-n  junction 
diodes  as  a  function  of  applied  pressure.  Bulthuis  assumed  a  linear  rela¬ 
tionship  between  band  gap  shift  and  pressure  and  was  able  to  measure  a  pro- 

“6  _ i  2 

portionality  constant  of  approximately  -5  x  10  eV  kg  cm  .  If  it  is  assumed 

that  this  proportionality  constant  applies  for  the  case  of  silicon-on-sapphire 

10  2 

and  that  stresses  on  the  order  of  10  dyn/cm  are  observed,  then  a  band  gap 
shift  of  approximately  -0.05  eV  is  expected. 

d.  Defect  Density 

The  large  stresses  observed  in  SOS  thin  films  are  expected  to 
affecc  defect  nucleation  and  propagation  at  the  Si/A^O^  interface.  Although 
ectrical  interaction  between  current  carriers  and  SOS  interface  defects 
ls  generally  avoided  by  restricting  current  flow  near  the  surface  in  SOS 
devices,  some  interaction  must  occur.  In  particular,  current  conduction 
on  Si  island  edges  requires  interaction  with  these  interface  defects. 

The  problems  associated  with  a  very  high  defect  concentration  at  the  Si/A^O^ 
interface  have  been  avoided  in  previous  CMOS/SOS  circuits  by  building  these 
circuits  on  relatively  thick  films  (>0.5  dm),  where  good  material  surface 
properties  can  be  maintained,  and  by  maximizing  the  ratio  of  surface-to-edge 
conduction  in  order  to  minimize  defect-related  edge  effects.  However,  the 

11 


reduction  in  feature  size  and  the  increase  in  packing  density  associated 
with  the  VHSI  and  VLSI  design  trends  in  today's  semiconductor  industry  will 
require  both  a  thinning  of  SOS  lilms  and  an  increased  utilization  of  Si 
island  edges  in  CMOS/SOS  circuits. 


C.  THE  MEASUREMENT  OF  STRAIN  INDUCED  ANISOTROPY 

The  existence  of  stress  and  concomitant  strain  in  thin  oxide  films 

1  2 

grown  on  silicon  wafers  is  well  documented.  ’  The  elasto-optic 

properties  of  the  oxide  and  the  thermal  expansion  coefficient  mismatch 

between  the  oxide  and  the  silicon  substrate  have  been  used  to  estimate  the 

optical  anisotropy11  induced  in  the  oxide  layer  when  the  oxide  cools  after 

12 

growth.  Other  workers  observed  anisotropy  in  the  oxide  and  an  inner  layer 
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between  the  oxide  and  the  substrate.  ’  On  the  basis  of  our  prior  work 

on  the  ellipsometric  measurement  of  strain-induced  anisotropy  in  optical 
film  materials,  we  estimated  the  magnitude  of  the  ellipsometric  "errors" 
that  would  be  generated  in  SiO^  films  grown  on  a  silicon  wafer.  These 
ellipsometric  "errors,"  or  anisotropic  shifts,  were  obtained  by  first  cal¬ 
culating  the  Fresnel  reflection  coefficients1"’  from  an  unstrained  oxide 
film  model  and  then  calculating  these  coefficients  for  the  strained  or 
anisotropic  film  model.  These  complex  reflection  coefficients  rp  and  rg, 
expressed  as  the  ratios  of  their  real  and  imaginary  components  Rp/Rg  and 
exp(iAp)/exp(iAs) ,  are  easily  represented  by  two  variables,  \J>  and  A, 
which  are  directly  measurable  in  an  ell ipsoraeter . These  two  variables 
can  be  calculated  for  either  a  strained  film  or  an  unstrained  film,  and 
this  "simulated"  data  can  be  processed  in  a  conventional  ellipsometer  data 
processing  program  to  obtain  the  film  thickness  and  the  refractive  index. 
These  "processed"  film  index  and  thickness  values  are  then  compared  with 
the  starting  values  to  determine  the  degree  of  distortion  introduced  into 
the  measurements  by  the  presence  of  anisotropy. 

These  anisotropy  simulation  calculations  predicted  significant 
errors  in  the  measurement  of  the  refractive  index  of  SiO^  films  on  silicon 
at  certain  film  thicknesses  and  angles  of  incidence.  However,  wiien  a  series 
of  experimental  measurements  was  completed  on  these  films,  anomalies  were 
observed  that  in  many  cases  were  too  large  to  be  explained  by  the  anisotropy 
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effect  alone.  In  some  cases,  the  A,^  data  processed  In  the  computer  would 

not  yield  an  answer.  The  computer  data  processing  mode]  did  not  represent 

the  anisotropic  experiment  accurately  because  it  was  based  on  a  single 

layer  isotropic  film  on  an  isotropic  substrate  which  ignored  the  existence 
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of  the  SiO^  inner  layer  ’  between  the  SiO^  i ilm  and  the  Si  substrate. 

The  presence  of  this  film  produces  significant  measurement  errors  that 

mask  the  effect  of  anisotropy  in  the  Si09  film. 

The  solution  to  this  problem  was  to  generate  a  new  computer  algorithm 

or  method  of  data  processing  based  on  a  multiple  layer  riim  structure  with 

anisotropy  in  the  film  and  the  substrate.  Ir.  using  this  method,  the  A ,j 

data  are  taken  as  a  function  of  the  angle  of  incidence  <p  of  the  light  on 

a  multiple  film  sample  and  tabulated  in  the  computer.  The  various  fitting 

parameters,  such  as  refractive  index,  anisotropy,  and  film  thickness,  are 

iterated  until  the  optimum  fit  to  the  complete  data  set  is  obtained. 

The  use  of  multiple  angle  data  is  necessary  to  resolve  the  various  anisotropy 

and  multiple-film  effects.  This  method  has  proven  to  be  very  valuable  not 

only  for  evaluating  the  anisotropy  induced  in  the  thin  oxide  film  by  stress 

but  also  for  evaluating  the  refractive  index  and  thickness  of  the  SiO^ 

inner  layer.  It  is  the  only  method  available  that  yields  both  types  of 
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data  without  using  wide  spectral  range  measurements.  The  only  limita¬ 
tions  to  the  method  are  that  the  number  of  layers  must  be  known  (1,  2,  or 
3)  and  that  the  film  thicknesses  must  lie  in  specific  ranges  for  the 
anisotropy  measurement  to  be  very  sensitive. 

D.  KEY  RESULTS 

The  first  objective  of  the  proposed  study  was  to  dev.  ..op  an  accurate 
and  reproducible  technique  for  measuring  the  iuterfacial  stress  in  therm.;! 
oxidized  Si  and  in  epitaxial  SOS.  Hughes  believed  that  the  ellipsometr l i 
stress  measurement  technique  was  ideal  Iv  '..lited  for  this  purpose  and  they*  • 
fore  proposed  its  development  and  use  in  .is  program.  The  technique, 
described  in  detail  in  Section  2,  is  -  .pie  and  straightforward  to  arp 
and  has  the  advantages  *.  /  i  mo; -h.,n  ;■  a:  measurement  schemes  of  being  nor,- 


lilt  etlipsomenii  stress  measurement  technique  utilizes  the  uniaxial 

aiu. M  ,  ropy  induced  m  a  stressed  thin  t  iim  to  determine  the  amount  oi 
streSr  Ui  t  lllg  at  the  film  bound. tiy>  ihl-  t  e.  Ill:  I  i|ue  lias  been  dcvclcpcd 
exclusively  at  Hughes  Research  Labur.i  t  or  i  es .  The  ta-ihnique  is  hlgiilv  sensi¬ 
tive  and  had  previously  been  used  successfully  to  measure  stress  in  lilms 

ci  As;Se^,  As^S^,  ZnSe,  and  ThK^  on  KCl  substrates.  A  more  complete 
description  is  presented  in  Section  2. A. 

The  ell i psomet ric  stress  measurement  technique  was  found  to  be  a  verv 
useful  tool  for  measuring  non-dest ruct ivel y  the  values  of  interfacial  stress 
in  both  the  Si/SiO^  and  SuS  systems.  However,  each  of  these  structural 
systems  posed  unique  problems  requiring  modifications  of  existing  techniques 
to  obtain  meaningful  results  from  ell ipsometric  data.  Section  2.B  describes 
an  important  limitation  on  the  sensitivity  of  the  el  1 ipsoroet r i c  technique 
which  restricts  its  use  to  certain  thickness  ranges  when  measuring  aniso'ropy 
in  thermal  silicon  oxides. 

Films  of  silicon  oxide,  silicon  nitride,  and  sil  icon  on -s.ipphi  re  were 
prepared  for  use  in  thin  program  as  described  in  Section  2.1.  Sections  2.1) 
and  2.E  present  data  obtained  from  ell ipsomet r ic  measurements  on  the  pre¬ 
pared  oxide,  nitride,  and  SOS  samples. 

Data  evaluation  and  conclusions  are  summarized  in  Section  3.  The  use- 
1  illness  of  the  ell  ipsometric  technique  ft.-  measuring  stress  in  oxide  and  SOS 
films  is  evaluated  in  Section  3. A.  Correlations  of  oxide  stress  with  oxi¬ 
dation  and  anneal  conditions  are  made  in  Section  i.B,  while  Si  t  i .  j.t 
discusses  the  results  of  capacitance-voltage  (C-V)  measurements  made  on 
hermall;,  oxidized  samples.  The  stress  observed  in  SOS  waters  and  its 
correlation  with  the  manufacturer's  quality  grading  system  are  discussed 
in  Section  3.D. 

Appendix  A  briefly  describes  the  expert menta ]  technique  used  to  make 

tl. e  multi-angle  ell  ipsometric  measurements.  Appendices  B  and  C  present 
theoretical  analyses  ol  the  <.ffe,  t  ot  anisotropy  in  I  he  retract  i  vc  index  of 
n  ti'.m  on  its  reflect.in.c  >t  polui.  •  i  light  and  ot  the  corrcl  at  ion 
between  the  anisotropy  and  the  stress  i.ns.ir  in  the  film,  respectively. 
Appendix  D  is  a  retrospect  iv  that  lndiriic.-  the  evolut  ion  ot  out  under¬ 
standing  of  the  optical  behavior  of  strained,  multilevel  films  and  the 
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ima  complexity  ui  the  anal/t  .  .1  1  tool-.  i  L  ..u  j  t  ■>  tntuinii-i  tut 
.  -JU  '  alt  t  u  lilt,  d  Ui  the  i  ,  ;  .  ren.el 

Tru  key  results  obtained  art  _ :  -  1  -<*.o..  curing  i  i>  f «  stud': 


•  Developed  a  technique  measuring  the  optical  properties  ot 
multilevel  thin  films  ...tug  multi-angle  «•  1 1  ipsotnet  r  >  .  From 
the  observed  optical  prooercies,  information  can  be  gained 
reguritug  t  ie  thickness  and  reiraetwe  index  *n  each  c  the 
layers  and  the  stresses  existing  in  each  of  the  film  layers. 

•  Used  this  technique  to  confirm  the  existence  of  an  inner 

layer  between  the  oxi  !•  ;.i:  i  i  1  i » t*n  in  t  ue  thermal)  .  r 

Si/SiOo  system.  This  laser  is  between  3.  )  and  b.b  k  t  i r i 

and  has  an  index  of  re:  •  i  •  .  .  >  ai  d  c  .  • . 

«  <  iose  rved  compress  l  ce  st  i  e  -  i  *  tie  rma  I  i  ■  *■. i  ■  l  1  i  >  !»• 

in  a  range  from  b  x  lO*-'  to  1'  x  ID*  Jvn'eni*  .  in  good  acre*  - 
iKn L  witti  published  value  .  ‘  '  ’• 

•  Me.* aii  •  '  large  opt  l.  i .’  *•’ .  .  is  S*i  u  •  o 

same  el  1  ipsoraet  r  ic  teennique.  *  empress  i  *,  e  and  shear  stress 

omp  Men  i  deduced  ‘  r  su  r  *•  *  •  a  .  ■  u  ■  it  •  «o 

with  S*'S  till!-,  qua  lit'  is  dedu*  •  •!  t  t  >s.  op .  .  f t  I.M 


SECTION  2 


ELLlPsOMF.1  KIC  TECUM  ONE  AND  RESULTS 


A.  FUNDAMENTAL  ELLIPSOMETRY 

An  ellipsometer  is  often  used  to  measure  the  reflection  coefficients 
of  substrates  and  films.  When  these  substrates  and  films  are  -oi . 

their  reflection  properties  can  be  represented  by  an  ampl  ?  t  '  phase 

factor  for  the  polarizaLion  state  parallel  to  the  plane  of  i>  • ;  deit'-e  and 
by  a  different  amplitude  and  phase  tactor  foi  th-  urination 

state  (as  shown  in  Figure  i).  The  polar  izat  t  i  .n-e-.e  -  •-  j  •  •  f  the  sample 
are  tints  encoded  on  tin-,  reflected  light.  p  -  T'-rt  i  es  can  he  repr  »• 
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and  they  can  be  measured  i  a  an  el  1  ipso, note  r  bv  measuring  the  insular  posi- 
•  ions  of  several  optical  t umpenen its . 

In  an  ellipsomer*  .  .-  y hematic  is  shewn  in  Figure  3  -  rooiv"hrom.'.t  ic 

linearly  polarized  tit,!.,  is  passed  through  a  quarter -wave  plat-  orient  -u 
at  45°  to  the  plane  o  •  imiuence.  It  is  well  known  that  rot  -ling  f!c 
p-ilarizat.  ion  ve  :tci  at  the  input  to  ini'  wave  plate  causes  i  a  .  . 

iari/.at  i .  ■  ■  i  L  m  n  solv  n  info  two  orthogonal  equal -ampl  it  Ki¬ 
p'  i  a  ri  zat ion  victors  e  i  t  n  .i  spec  i  f  ii  relative  phase  n.r.i  *•  I  ,  •  o  •  r.  • 

-.lie  input  polar:  v.e  r  ad  pint  ■  t  lie  pha  s«-  >f  these  two  -i  r  h'l’umi  >•> .  * :"  •  -  •  — 

t  ton  vectors  incident  on  ;  lie  sample.  It  an  .:>,>■  .q  i  i  at  i  '  it  t*  i 

polar  izer  is  selected,  then  t  hi  n  I  a  t  i  vi  pluisi  n  i  t  •  .  >  i  t  ,  -  i  i  :  den  t 

nelari zat  Ions  I  uni  els  the  ref  letter  pha.se  •  n  i  .  t  ot  tin  s.  iiple,  it  id 
'tie  reflected  waves  are  in  nh.v.«  .  i:i :.  pt-  lines  i  line.,:  is  ;  u  1  t  an  t  pel... 
/itjon  vector  that  an  he  ii"!l.-d  lit  rel.it  i  tin  an.i  l  .it  ter  m  >  ti  ■  mitre 
t  ra  ns  nr!  ss  ’  ->ii  .  'Die  angle  a  r  posit  ion  i  >  t  i  I  •  .  n  .  i  ■  1  l  i 1  r  t  Ik  .  gotta  1  t  e  t  .  • 

resultant  ;<o  1  ai  *  za  l  i .  ti  "enter  anr.l-  •  .  :<  '■  i  i :  .  .he  inverse  tango., 

ot  k  / k  . 
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Figure  3.  Schematic  of  an  ellipsometer. 
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Thus  in  the  nulling  type  of  el 1 ipsometer ,  t  he  operator  measures  the 
"parameters”  A  and  *  by  alternately  adjusting  the  input  polarizer  and 
the  output  analyzer  uni  il  «  null  reading  occur.-,  in  a  ire  ter,  as  shown  in 
Figure  3.  The  angular  positions  of  the  polarizer  and  analyzer  are  then 
recorded  and  processed  in  simple  algebraic  equations  to  derive  A  and 
These  parameters  and  the  angle  of  incidence  .;  are  then  fed  into  a  data- 
processing  program  which  calculates  the  Fresnel  roe  if  icier.  (.<  •,%  '  as  a 
function  of  substrate  index  or  as  a  function  ol  the  retractive  index  and 
thickness  of  the  thin  film.  The  program  it  era (  :  «  i'  c  a  1  ua  es  the  prop¬ 
erties  of  a  sample  by  finding  the  hist  ind-'X..  .  tin  btst  index  and  th.ii.knes 
to  fit  the  experimental  values  of  ')  ,  A,  atm  This  technique  is  capable 
of  measuring  films  as  thin  as  a  tew  angstrom;,  or  as  .arge  as  several 
micrometers  with  great  aciuracy.  1  <vw\  vo>  ii  ti  t  samples  are  anisotropic 
or  multiLayered,  the  data  evaluation  ,  recess  i.  .  complex,  and  measurements 
made  at  a  single  angle  of  incidence  -viv  not  provide  sufficient  data  to 
unambiguously  evaluate  tht  Layers.  In  Appendix  A,  we  outline  the  pro¬ 
cedure  for  nuking  ell  ipsomet  rit.  measurements  imder  these  conditions. 

When  the  sample  under  investigation  contains  more  than  a  single  film 
layer  or  when  it  is  atvsotropic  or  both,  the  measured  ellipsometric 
parameters  at  a  single  angle  of  incidence  provide  no  clues  as  to  the 
existence  of  nr  isotropy  or  multiple  layers  ir.  the  films.  V.’hcn  these 
parameters  <v-  processed  in  the  computer,  they  yield  index  and  tnickne.-. 
values  for  a  hypothetical  single-layered  isotropic  film  It  in  clear 
that  one  ellipsometric  measurement  provides  a  set  of  A.',  ,  ar.  1  tf  data,  arc. 
the  single  anisotropic  film  requires  at  least  •our  data  —  v ,  AN,  K,  and 
T  -  to  describe  it  completely.  In  tiie  case  of  a  layered  ‘  ••  system, 

four  or  more  data  are  needed  to  describe  each  layer.  Jr  !  ■•bvious  that 
the  ellipsometric  data  can  be  increased  by  taking  data  several  angles 
of  incidence  ($  ,  1-  ,sf  ,  etc.).  The  problem  is  how  t>  use  this  additio- ■>! 
data  to  evaluate  the  layers. 

Our  approach  has  been  to  generate  .  heart:  t  ;  -c  1  model  of  the  «>•!  *  •'  p'e- 
layered  film  structure  tuat  allows  •■■■'  the  sub-  !  rate  and  each  film  layer 
to  be  anisotropic  a-  d  '  c  lucv  .  *  al  and  i  raft}.:  nary  refractive  ir.d  y 
component...  With  this  mode!  t  .ibles  of  theon.  ;i  ..!  values  of  L  and  •  -r  -us 

value.  o  i  in  pa  ramie  e  rs  . 
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least -square's  error  program  is  used  to  compare  the  theoretical  A,  t p,  <p 
data  tables  with  the  experimental  A,  ip ,  (p  data  tables  and  to  select  the 
set  with  the  least  error.  Because  many  calculations  are  involved  in 
:he  "match  up"  process,  this  program  was  made  semi-automatic,  and  the 
.emptier  operator  defined  the  parameter  search  range  for  the  iterative 
data  analysis.  In  this  multiple-angle  ellipsometric  method,  the  computer 
operator  must  also  know  the  number  of  layers  in  the  film  being  evaluated. 
Tims,  the  operator  selects  ranges  of  film  thickness,  real  and  imaginary 
index,  and  index  anisotropy  for  each  film  layer,  and  ranges  of  real  and 
imaginary  index  and  anisotropy  for  the  substrate.  Using  these  initial 
parameter  search  ranges,  a  first  best  fit  is  found  and  the  least-squares 
error  values  for  A  and  'ji  are  displayed.  The  operator  can  then  iterate 
on  any  two  parameters  to  obtain  a  better  second  fit,  third  fit,  etc. 
until  the  lowest  minimum  is  obtained.  This  technique  has  been  success¬ 
fully  applied  at  HRL  to  the  evaluation  of  a  wide  variety  of  thin-film 
systems. 

B.  THEORETICAL  SENSITIVITY  OF  THE  METHOD 

We  have  analyzed  the  sensitivity  of  the  multiple-angle  ellipsometry 
technique  for  measuring  anisotropy  in  films  of  varying  thickness.  The 
analysis  entails  calculating  theoretical  tables  of  A  and  p  as  a  function 
of  the  angle  of  incidence  4>  for  a  specific  anisotropic  film  structure 
and  then  processing  these  data  in  the  multiple-angle  ellipsometric  data 
processing  program  to  obtain  the  best  parameter  fit  without  using  anisotropy. 
;n  effect,  we  start  with  specific  substrate  and  film  refractive  indices, 
film  anisotropy,  and  film  thickness  values  and  generate  a  perfect  set  of 
' ,  f  versus  $  data  in  an  anisotropic  computer  simulation  program.  Then 
these  data  are  analyzed  in  another  computer  data  processing  program  which 
finds  the  optimum  fit  to  the  A,  ip  data  by  varying  the  film  thickness, 
the  film  index,  and  the  substrate  index.  In  the  latter  analysis,  the 
anisotropy  is  assumed  to  be  zero  and  this  leads  to  convergence  errors  in 
A  and  The  size  of  these  convergence  errors  is  a  measure  of  the  sen¬ 
sitivity  of  this  multiple  angle  ellipsometric  technique  for  detecting 
anisotropy  in  thin  films.  When  this  simulation  process  is  performed  as 
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a  function  of  film  thickness  for  a  single  value  of  anisotropy,  the 
convergence  error  "results"  allow  us  to  predict  those  film  thickness 
regimes  that  are  the  best  choice  for  measuring  anisotropy,  and  there¬ 
fore  stress,  in  films. 

The  results  of  these  calculations  for  SiO^  films  on  silicon  are 
given  in  Figure  4.  In  these  calculations,  an  anisotropy  of  0.001  was 
assumed  for  the  SiO^  layer,  and  no  anisotropy  was  permitted  in  the  data- 
fitting  process.  An  inner  layer  thickness  of  6  X  and  a  refractive  index 
of  2.6  were  also  used.  The  refractive  index  of  the  substrate  was  taken 
to  be  3.5714  -  i0.025,  and  the  refractive  index  of  the  oxide  film  was 
1.457.  The  results  are  presented  as  the  convergence  error  in  A  and  the 
convergence  error  in  .  It  is  apparent  that  the  convergence  error  in  A 
is  much  larger  than  the  convergence  error  in  ip  over  much  of  the  film 
thickness  range.  This  means  that  the  presence  of  anisotropy  in  the 
film  has  a  stronger  effect  on  A  than  on  &  and  that  errors  in  determining 
A  will  have  a  larger  effect  on  the  accuracy  of  the  anisotropy  measurement 
than  will  errors  in  determining  <|j.  Also  shown  in  Figure  4  is  a  horizontal 
dashed  line  at  the  A,^  convergence  level  of  0.05°.  This  represents  the 
experimental  error  in  measuring  A  and  ip.  It  is  immediately  obvious  that 
film  thicknesses  below  4000  X  will  not  be  useful  for  measuring  anisotropy 
because  the  convergence  drive  error  in  A  is  less  than  or  equal  to  measure¬ 
ment  error,  i.e.,  the  signal-to-noise  ratio  is  poor.  Above  4000  A,  there 
are  specific  narrow  film  thickness  regions  where  the  convergence  drive 
A  error  signal  is  larger  than  the  A  measurement  error  signal.  These  are 
regions  where  the  anisotropy  can  be  measured  with  good  convergence  and  high 
accuracy.  The  method  is  not  inaccurate  at  4,000  A,  but  it  is  marginal  at 
4,300  a.  The  first  "good"  anisotropy  measurement  region  occurs  at  7,000  A, 
where  the  ratio  of  the  convergence  error  to  the  measurement  error  is  about 
4  to  1.  The  best  anisotropy  measurement  region  that  we  have  found  occurs 
between  11,500  a  and  12,000  a  and  it  has  an  error  ratio  of  about  11  to  1. 

We  expect  that  the  technique  will  be  more  accurate  with  thicker  films 
because  the  optical  path  anisotropic  phase  shift  will  be  higher.  In  Fig¬ 
ure  4,  the  peaks  in  the  theoretical  curve  show  a  monotonic  increase  in 
A  convergence  drive  with  film  thickness,  which  supports  this  hypothesis. 
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Figure  4.  Anisotropy  measurement  sensitivity  versus  film  thickness  for 
Si0„  on  Si. 
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Although  the  A  convergence  error  plays  the  strongest  role  in 
measuring  the  anisotropy,  the  y  convergence  ei  ra  cannot  i>«.  ignored  because 
it  strongly  affects  the  measurement  accuracy  of  the  other  film  parameters 
and  of  the  inner  layer  parameters.  Failure  to  determine  these  parameters 
accurately  will  affect  the  anisotropy  accuracy. 

C.  MATERIALS  PREPARATION 

1.  Oxide  on  Silicon 

During  the  preparation  of  thermally  oxidized  silicon  samples,  growth 
and  anneal  conditions  were  varied  to  obtain  samples  with  differing  amounts 
of  stress  in  the  oxide.  Table  1  shows  the  conditJ uns  under  which  each 
wafer  was  prepared  and  the  measured  thicknesses  of  the  resulting  oxides. 

In  this  Table,  "dry"  refers  to  oxidation  in  09  ambient,  while  "wet"  refers 
to  an  ambient  consisting  of  preuuxed  and  gases.  A  "quenched"  sample 
was  cooled  at  a  rate  estimated  at  2000°C/niin,  while  "unquenched”  samples 
saw  a  cooling  rate  of  200oL/'min.  All  anneal  cycles  were  performed  after 
the  samples  had  cooled  to  room  temperature,  and  all  were  slow-pulled 
(unquenched).  Table  2  lists  the  general  preparation  sequence  for  all  lots. 

In  an  effort  to  bring  the  oxide  thicknesses  into  ranges  where  stress 
could  be  measured  most  reliably  (see  Section  2.B),  lot  STF-3  was  partially 
etched  back  after  completion  of  the  growth  cycle  until  an  appropriate 
oxide  thickness  was  obtained.  These  wafers  are  designated  in  Table  1  as 
STF-3E-1A,  -IB,  -2A,  and  -2B. 

Completed  wafer  lots  were  delivered  for  ellipsometric  evaluation  or 
C-V  measurement  as  appropriate.  The  results  cl  the  ellipsometric  study 
are  reported  in  Section  2.D,  and  the  C-V  results  are  discussed  in  Section  ;.c. 

2 .  Nitride  on  Silicon 

A  sample  of  a  silicon  nitride  film  deposited  on  silicon  was  obtained 
from  the  Hughes  Newport  Beach  Research  Center  for  evaluation  using  the 
ellipsometric  stress  measurement  rtchnique.  This  film  was  deposited  in  a 
standard  CVD  nitride  deposition  system  which  employs  the  nitridation  of  silane 
in  ammonia  ambient  at  875°C.  The  nitride  was  deposited  to  a  thickness  of  925  A. 
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Table  2.  Preparation  Sequence  for  Oxide  Stress  Samples 


Pre- furnace  clean 

Oxidation  (see  Table  1  for  specific  conditions) 

Cool 

Anneal  (see  Table  1  for  specific  conditions) 

Cool 

Film  thickness  measurement  (Nanospec) 


3.  Silicon-on-Sapphire 

Preliminary  ellipsometric  stress  measurements  were  made  on  a  2-in.  , 
0.5-pm-thick  SOS  wafer  designated  SOS-II.  This  wafer  was  taken  from  an 
SOS  lot  of  device  quality  wafers  obtained  from  Union  Carbide. 

Subsequently,  3-in.,  0.5-pm-thick  SOS  samples  were  also  obtained 
from  Union  Carbide  for  study  in  this  phase  of  the  stress  program.  These 
SOS  wafers  were  selected  by  Union  Carbide  to  represent  their  four  grades 
of  material  quality  as  determined  by  optical  reflectance  measurements. 
These  samples  were  given  wafer  IDs  SOS-10,  -11,  -12,  and  -13.  The  cor¬ 
respondence  between  wafer  ID  and  Union  Carbide  quality  grade  is  shown  in 
Table  3.  Ellipsometric  stress  measurements  were  made  on  these  samples 
as  received;  these  results  are  reported  in  Section  2.E. 

Table  3.  Wafer  Identification  for  SOS  Samples 


Sample 

Quality  Grade  (Union  Carbide) 

SOS-10 

No  haze 

SOS-11 

Light  haze 

SOS-12 

Medium  haze 

SOS-13 

Very  light  haze 
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EXPERIMENTAL  RESULTS  -  SILICON  DIOXIDE  ON  SILICON 


To  test  the  theoretical  predictions  of  ti.c  anisotropy  simulation 
studies,  several  SiO^  film  experiments  were  performed  over  a  variety  of 
oxide  film  thicknesses  ranging  from  1 ,500  to  11 ,800  A.  Those  experiments 
that  yielded  the  most  significant  results  are  reported  here.  In  brief, 
anisotropy  was  observed  in  samples  having  film  thicknesses  near  6500  A, 

9000  A,  and  11,800  A.  Other  film  thicknesses  did  not  yield  reliable 
anisotropic  results,  in  agreement  with  theoretical  predictions.  The 
presence  of  a  transition  layer  between  the  oxide  and  the  silicon  played  a 
major  role  in  interpreting  the  ellipsometric  data. 

I.  Strain  Annealing  Experiment  —  11,800  A  Film  Thickness 

A  controlled  oxide  annealing  experiment  was  designed  and  executed 
on  the  basis  of  the  theoretical  study,  which  predicted  significant  sensi¬ 
tivity  for  anisotropy  at  specific  film  thickness  values.  In  this  experi¬ 
ment,  wafer  lot  STF-3,  consisting  of  two  wafers  designated  STF-3-1  and  STF- 
3-2,  were  placed  in  an  oxide  furnace  and  processed  at  1100°C  to  produce 

II,  800-A- thick  oxide  films.  The  wafers  were  withdrawn  slowly  from  the 
furnace  to  minimize  stress  in  the  oxide  films.  Next,  the  wafers  were 
scribed  and  then  broken  into  two  halves  labeled  A  and  B.  The  A  samples 
were  annealed  at  925 °C  for  two  different  times:  sample  STF-3-1A  for 

15  min  and  sample  STF-3-2A  for  30  min.  The  results  of  the  ellipsometric 
measurements  on  these  four  samples,  given  in  Table  4,  clearly  show  that 
annealing  reduces  the  stress  in  the  oxide  layers  and  by  so  doing  reduces 
the  measured  optical  anisotropy  in  the  films.  Specifically,  the  longer 
annealing  time  for  sample  STF-3-2A  resulted  in  a  lower  stress  value  for 
it  than  for  STF-3-1A. 

These  results,  which  include  the  measurement  of  stress  levels 
9  2  9  2 

ranging  from  1.4  x  10  dyn/cm  to  2.5  x  10  dyn/cm  in  SiO^  films  are 
the  first  direct  measurements  of  anisotropy  and  stress  in  oxide  films 
ever  obtained  by  ellipsometry . 

An  important  side  benefit  of  this  experiment  is  the  evaluation  of 
the  refractive  index  and  thickness  of  the  SiO^  inner  layer  which  exists 


Table  4.  Multiple  Angle  Ellipsometr ic  Analysis  of  Stressed  and  Annealed  Oxide  Layers  on  Silicon 
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No  Anneal 


a  Mu-  silicon  and  t  lie  SiO  layer.  If  the  existence  of  this  layer 
1  ign  rod  in  the  data  analysis  process,  then  large  errors  will  occur  in 
'ltting  the  data  with  the  result  that  the  optical  anisotropy  cannot  be 
aluated.  Thus,  the  appropriate  values  for  the  inner  layer  thickness  and 
index  aie  evaluated  hy  iteration  in  a  least -squares  data-processing 
algorithm,  and  then  t  lie  value  of  the  anisotropy  is  obtained  by  the  same 
process.  Ktycaicd  iteration  over  all  of  the  parameters  is  necessary  to 
obtain  the  optimum  convergence  solutions  tabulated  here.  The  strain  in 
sample  STK-l-lA  was  reduced  by  20%  as  compared  to  sample  STF-3-1B  by  a 
15 -min  anneal  at  925°C.  The  strain  in  sample  STF-3-2A  was  reduced  by 
43'/-  as  compared  to  sample  STF-3-2B  by  a  30-min  anneal  at  925°C.  In  this 
case  at  least,  the  annealing  effect  is  roughly  proportional  to  the 
anneal ing  t irae . 

2.  Sample  hitching  Study 

The  curves  presented  in  Figure  4  clearly  show  that  anisotropy  in  an 
8000- A  film  would  be  difficult  to  measure  because  of  the  poor  convergence 
error  drive  level.  To  test  this  hypothesis,  the  sanples  used  in  the 
annealing  experiment  were  etched  down  to  8000  X  and  labeled  STF-3E-1A, 

-IB,  -2A,  and  -2B  (the  E  signifies  etching).  Since  the  stress  conditions 
in  the  sample  arise  from  thermal  expansion  coefficient  mismatch  effects 
at  the  interface,  we  assumed  that  the  etching  process  could  not  alter 
the  anisotropy  in  the  SiO^  film. 

The  results  of  measurements  made  on  this  set  of  etched  samples  is 
given  in  Table  5.  As  theoretically  predicted,  these  films  showed 
anisotropies  that  were  either  0  or  at  most  1/20  those  of  the  unetched 
samples,  and  the  sigp.  of  the  anisotropy  was  ambiguous.  The  convergence 
error  curve  in  Figure  4  is  also  small  at  a  thickness  of  8000  X  and  should 
lead  to  errors  in  convergence  of  the  inner  layer  and  top  layer  parameters. 
Under  this  condition,  several  sets  of  values  can  be  obtained  for  the  film 
parameters  with  approximately  the  same  convergence  error.  Thus,  this 
film  thickness  regime  is  a  poor  choice  for  evaluating  the  anisotropic 
properties  of  films  using  multiple-angle  ellipsometric  methods. 
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Multiple  Angle  Ellipsometr ic  Analysis  of  Etched  Oxide  Layers  on  Silicon 


T3 

TJ 

x» 

"O 

cu 

01  01  0> 

o  0> 

0* 

x: 

U  -C  u 

J=  u 

.c 

u 

C  o  C 

u  c 

u 

4-1 

C  4-1  o 

4-*  O 

4-1 

w 

W 

UJ 

UJ 

paieauuy 
‘uojjepjxo  apoo 
uojjjpuoo  axduies 


(  N)  xapui 
Zit  “IJJ 


y  (ZD 
‘ssau^oiqj, 

<://  mITi 


lnv 

Xdojrjosiuv 
I//  mTTi 


(TN)  xapui 
I#  mITd 


8aa  ‘ao.ug  /fi 


8aa  ‘ aojjg  v 
8uj33Jd  ejBQ 


uouBDfjisuapi 
a  I  dares 


in 

m 

o 

o 

• 

♦f 

P"> 

CO 

1 

O 

O 

o 

UJ 

Q 

*• 

•> 

O 

cj 

cj 

CJ 

CJ 

o 

o 

o 

on 

00 

O 

o 

lA 

m 

ur, 

o 

00 

00 

oo 

o 

CM 

CM 

CM 

• 

• 

• 

z 

ON 

ON 

O' 

co 

CsJ 

CM 

CM  | 

b-< 

.j 

3 

Z  r-i  (N  fn 

25 

< 


u  3  AJ 

WOW 
CT3  f-H  <T3 
U<  C/3  Cn 

T?  T3  T3 
QJ  0)  0> 


3  3  3 

p_,  p_i 


U  <J  O  <J 


o>  a*  m 
3  3  3  a 


<  CQ  U  Q 


31 


Pulled  Fast  4  925°C,  120 

5  1000°C,  30 

6  1000°C,  60 
0  No  Anneal 


This  result  verifies  the  theoretical  predictions  of  high  accuracy 
in  measuring  anisotropy  at  some  film  thicknesses  and  low  accuracv  at  other 
film  thicknesses.  It  also  provides  us  with  some  guidelines  for  picking 
the  optimum  film  thickness  for  evaluating  the  anisotropy  or  the  inner  layer 
properties.  The  optimum  film  thickness  may  not  be  the  same  for  both 
purposes . 


3.  A,  ^  Parameter  Studies 

These  multiple-angle  ellipsometric  studies  produced  Fresnel  reflec¬ 
tion  coefficient  data  in  the  form  of  the  ellipsometric  parameters  A  and 
It  is  instructive  to  calculate  the  changes  in  A  and  v  that  occur  in 
an  oxide  sample  when  it  is  annealed.  Figure  5  shows  the  effect  of 
annealing  sample  STF-3-1B  to  get  sample  1A.  The  change  in  A  is  as  large 
as  4.5°  at  an  angle  of  incidence  of  55°.  The  change  in  v  is  on  the 
order  of  1°  at  55°.  Similarly  in  Figure  6,  the  change  in  A  is  on  the 
order  of  4.5°,  and  the  change  in  ip  is  on  the  order  of  0.75°  for  sample 
STF-3-2B  annealed  to  get  sample  2A.  These  changes  in  the  parameters  A,’A 
are  gross  compared  to  the  0.05°  measurement  accuracy  of  the  ellipsometer . 
This  observed  A(A),  A(<J>)  effect  is  not  entirely  attributable  to  the 
annealing  of  stress  in  the  samples  because  (1)  the  thicknesses  of  the 
oxide  layers  (SiO^)  in  these  samples  were  slightly  different  and  (2) 
of  annealing  and  partially  because  they  correspond  to  different  loca¬ 
tions  on  the  same  wafers.  The  thickness  data  are  given  in  Table  4. 

To  relate  these  changes  directly  to  anisotropy,  the  same  sample  (not  two 
halves)  would  have  to  be  measured  in  exactly  the  same  position  both 
before  and  after  annealing.  This  would  require  precision  sample  index¬ 
ing  equipment.  However,  these  results  on  two  independent  samples  cor¬ 
roborate  the  effect  of  a  large  change  in  A  with  sample  annealing.  Simi¬ 
lar  sets  of  curves  plotted  in  Figures  7  and  8  for  the  8000  A  etched 
samples  show  changes  in  A  and  'l'  that  are  less  pronounced.  These  results 
correlate  with  the  curve  in  Figure  4,  which  shows  very  little  error  in 
A  and  ip  when  anisotropic  data  are  analyzed  with  an  isotropic  model. 

This  reinforces  the  theoretical  argument  that  strain-induced  anisotropy 
has  a  more  observable  effect  at  seme  film  thicknesses  than  at  others 
and  has  a  larger  effect  on  A  than  on  ij>. 


32 


A  .  ip  DIFFERENCE  ANGLES, DEG 


10347-13 


Figure  7.  El  1  ipsome t r i<  parameter  changes  due  to  sample  annealing. 
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For  completeness,  we  took  the  experimental  A  ,  tp  data  for  samples 
STF-3-1A  and  -IB  and  STF-3E-1A  and  -IB  and  processed  them  in  a  standard 
single-layer  ellipsometer  program.  The  results  are  given  in  Figures  9 
through  12.  The  measured  refractive  indices  increase  very  slightly  with 
angle  for  the  11,800  X  thickness  range  films  in  Figures  9  and  10.  For 
the  etched  8000  A  thickness  range  films,  the  measured  index  values  show  a 
large  anomaly  at  60°.  The  dashed  curves  in  Figures  9  through  12  were 
generated  from  the  best  data  obtained  from  the  multiple-angle  data-fitting 
routine.  The  agreement  here  between  experiment  and  theory  is  very  good. 

The  refractive  index  anomalies  in  Figures  11  and  12  are  attributed  to 
the  presence  of  the  SiO^  inner  layer  rather  than  to  anisotropy  because 
the  theoretical  curve  can  be  generated  without  anisotropy. 

4.  Anisotropy  in  6500  X  and  9000  A  SiO^  Films 

In  Figure  4,  the  sensitivity  of  measuring  anisotropy  in  SiO^  films 
shows  useful  maxima  at  film  thicknesses  of  6500  A,  9000  A,  and  11,800  A. 

The  results  of  the  annealing  experiments  conducted  at  film  thicknesses 
near  11,800  A  are  presented  above.  This  section  presents  the  results  of 
anisotropic  measurements  in  the  other  two  ranges  of  oxide  film  thickness. 

The  results  are  given  in  Table  6.  Film  STF-15-E  with  a  film  thickness 
of  9130  A  shows  an  anisotropy  of  -0.00051,  an  inner  layer  thickness  of 
3  A,  and  an  index  of  2.8.  Sample  STF-15-C  with  a  film  thickness  of  6540  A 
shows  an  anisotropy  of  -0.00030,  an  inner  layer  thickness  of  0.5  A,  and 
an  index  3.0.  Below  this  result,  the  effect  of  neglecting  the  inner  layer 
and  anisotropy  are  shown.  Since  these  films  were  processed  for  dif¬ 
ferent  growth  periods  at  different  times,  they  may  have  different  anisotropy 
values  due  to  different  stress  levels  in  each  film.  We  suspect  that  the 
anisotropy  in  these  films  is  more  complicated  than  suggested  by  our  per¬ 
pendicular  anisotropy  model.  When  we  aligned  the  sample  tilt  with 
crossed  polarizer  and  analyzer  in  the  ellipsometer,  the  optical  null  that 
we  observed  was  an  order  of  magnitude  higher  than  that  usually  observed 
in  thinner  oxide  films.  This  could  be  attributed  to  stress  gradients  in 
the  films.  Such  gradients  are  not  included  in  our  simple  anisotropy  model, 
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Figure  11.  Refractive  Index  versus  angle  annealed  film  SiC>2  or 
Si  poor  film  thickness  range  for  measuring 
anisotropy. 
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Table  6.  Multiple  Angle  Ellipsometr ic  Analysis  of  6500A  and  9000A  Oxide  Layers  on  Silicon 


2 


No  Anneal 


and  they  can  lead  to  measurement  errors.  A  test  for  the  existence  of  this 
effect  will  be  to  rotate  the  sample  about  an  axis  normal  to  and  coinci¬ 
dent  with  the  measured  spot.  This  rotation  of  the  sample  does  not  change 
the  region  of  measurement. 

The  anisotropy  value  and  the  corresponding  stress  levels  observed 
for  these  samples  are  in  good  agreement  with  the  measurements  made  on  the 
11,800  X  films.  The  inner  layer  parameters  seem  to  be  in  conflict  here. 

It  is  possible  that  the  film  thickness  regions  that  are  optimum  for  stress 
measurements  may  not  be  optimum  for  measuring  inner  layer  parameters. 

5.  The  Limiting  Film  Thickness  Experiment:  2500  X  and  2800  A  Film  Thickness 

The  computer  simulation  convergence  results  presented  in  Figure  4 
show  that  measurements  made  on  oxide  films  that  are  thinner  than  2500  X 
should  give  no  useful  results.  In  fact  the  optimum  thickness  value  to  be 
used  should  be  in  the  range  2700  X  +25  X.  We  prepared  and  measured 
samples  with  film  thickness  values  ranging  from  2468  X  to  2940  X  to  evaluate 
empirically  the  feasibility  of  measuring  anisotropy  under  this  limiting 
sensitivity  condition.  The  results  of  this  study  are  presented  in 
Table  7  for  those  oxide  films  with  thicknesses  near  2500  X  and  in  Table  8 
for  those  oxide  films  with  thicknesses  near  2800  X. 

Samples  STF-14-10,  -14-10A,  and  -14-10B  are  different  positions  on 
the  same  wafer.  The  two  samples  with  the  lowest  ^  convergence  error  show 
no  anisotropy;  the  sample  with  the  higher  ip  convergence  error  also  shows 
very  little  anisotropy.  Since  all  of  these  convergence  errors  are  small 
and  the  oxide  film  had  been  processed  to  yield  maximum  strain  and  aniso¬ 
tropy,  we  can  conclude  that  this  film  thickness  is  a  poor  one  for  evaluating 
anisotropy.  This  is  in  very  good  agreement  with  Figure  4.  The  same  con¬ 
clusion  applies  to  sample  STF-14-2. 

Samples  STF-14-4A  and  -14-6A  show  excellent  A  and  4*  convergence  error 
levels,  but  one  exhibits  a  small  negative  anisotropy  and  the  other  a 
small  positive  anisotropy.  These  films  were  both  prepared  in  the  same 
sample  run  and  they  were  annealed  for  the  same  time  period  but  at  slightly 
different  tenperatures.  Thus  they  should  show  smaller  anisotropy  than 


Table  7.  Multiple  Angle  Ellipse  ric  Analysis  of  2500A  Thickness  Silicon  Oxide  Layers  on  Silicon 
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Table  8.  Multiple  Angle  Ellipsometric  Analysis  of  2800A  Thick  Silicon  Oxide  Layers  on  Silicon 
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the  ST31  samples  but  the  anisotropies  should  be  at  least  a  factor  of  30 
larger  (0.004)  than  they  are  in  Table  4.  Again  we  must  conclude  that 
this  is  a  poor  film  thickness  for  evaluating  anisotropy. 

The  results  of  measurements  made  on  samples  STF-12-1  and  -12-2  are 
again  questionable  because  this  is  a  poor  film  thickness  for  measuring 
anisotropy.  But  from  another  point  of  view,  they  corroborate  the  theory 
because  they  show  poor  anisotropy  resolution  at  a  film  thickness  where 
it  is  expected  to  be  bad.  Samples  STF-12-3  and  -12-4  are  73  to  97  X 
away  from  the  optimum  limiting  film  thickness  of  2700  X.  These  measure¬ 
ments,  made  at  two  different  positions  on  each  sample  surface,  yield 
conflicting  results  for  two  points  on  the  same  sample  and  different 
results  from  sample  to  sample.  The  large  A  and  ip  convergence  error 
levels  shown  by  most  of  these  samples  will  permit  a  wider  range  of  anisot¬ 
ropy  values  to  be  fitted  to  the  data.  Thus  one  sample  shows  either  0 
or  a  large  positive  anisotropy  near  2700  X,  and  another  shows  either  0  or 
a  large  negative  anisotropy  at  a  film  thickness  near  2700  X.  The  method 
is  again  clearly  not  reliable  at  this  film  thickness,  in  agreement  with 
theory. 

6.  The  1400  X  Device  Type  Oxide  Film 

Many  silicon  device  structures  are  made  with  oxide  thicknesses  of 
about  1400  X.  The  theoretical  convergence  error  drive  studies,  sum¬ 
marized  in  Figure  4,  show  that  anisotropy  measurements  made  on  films  of 
this  thickness  should  be  poor  but  that  the  sensitivity  for  measuring 
inner  layer  parameters  should  be  acceptable.  The  results  are  given  in 
Table  9.  The  measurements  on  sample  STF-11-5  showed  large  anisotropy 
and  poor  A,  \p  convergence.  The  STF-11-5A  data  are  a  repeated  measure¬ 
ment  at  another  sample  position  which  showed  better  A,  ^  convergence 
and  about  half  the  anisotropy.  This  result  shows  that  poor  A,  ^  con¬ 
vergence  levels  can  lead  to  large  errors  in  determining  the  anisotropy 
value.  The  positive  sign  on  the  anisotropy  indicates  that  the  measure¬ 
ment  is  wrong  because  it  represents  the  oxide  film  in  tension  rather 
than  compression.  The  results  of  measurements  on  samples  STF-11-6  and 


Table  9.  Multiple  Angle  Ellipsometric  Analysis  of  1400A  Silicon  Oxide  Layers  on  Silicon 
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-11-8  ,t  rc  alr.o  in  error  because  of  tic  posit  ivc  an  is.'ti  op\  v.il  .«•*.  A.-.: ! : 

the  theoretical  ptediction  tor  ttiis  tilm  thickness  range  is  ttiat  t  tie 
anisotropy  should  be  difficult  to  observe.  The  measurement ,  on  the 
other  hand,  shows  anisotropy  with  low  ' ,  »  convergence  errors.  Note,  the 
anisotropy  lias  the  wrong  sign.  Ttiis  result  is  an  enigma.  The  faint  pos¬ 
sibility  exists  that  the  oxide  has  a  different  composition  because  it 
was  grown  at  a  lower  temperature  or  was  not  strained  as  much  as  previous 
samples  because  of  its  lower  growth  temperature,  and  that  the  positive 
anisotropy  relates  to  a  lattice  mismatch  strain  induced  anisotropy 
rather  tiian  a  thermal  expansion  coefficient  mismatch  effect. 

7.  Double  Silicon  Oxide  Layers  on  Silicon 

When  a  series  of  ordinary  ellipsometric  measurements  were  made  on  a 
100  A  thick  SiO^  film  on  silicon  as  a  function  of  the  angle  of  incidence, 
a  serious  discrepancy  in  the  measured  refractive  index  of  the  oxide  was 
observed.5  These  data  are  shown  in  Table  10.  When  these  data  were  pro¬ 
cessed  using  the  multiple  angle  ellipsometric  method  and  allowing  for 
two  film  layers  on  a  silicon  substrate,  a  new  set  of  values  was  obtained 
for  the  oxide  film  parameters.  These  values  are  listed  in  Table  11. 

The  oxide  film  index  obtained  by  the  multiple-angle  method  here  is  1.49, 
whereas  in  the  single  angle  results  of  Table  3  it  ranges  from  1.56  to 
1.92.  This  value  is  still  larger  than  a  value  of  1.45  measured  for  many 
other  oxide  samples.  The  value  of  the  substrate  refractive  index  is  also 
slightly  different  from  that  usually  observed  for  silicon  (3.8714  -10.025). 
It  is  possible  that  the  thin  oxide  measured  here  has  a  slightly  different 
refractive  index  than  the  thicker  oxides  usually  measured  for  device 
work,  but  it  is  more  likely  that  the  SiO^  layer  was  coated  with  a  con¬ 
taminant  layer.  If  this  is  true,  then  the  analysis  of  a  three-layer 
system  was  performed  with  a  two-layer  model,  yielding  some  inaccuracy. 

The  most  significant  result  here  is  the  evaluation  of  the  inner  layer 
with  a  thickness  of  6  X  and  an  index  of  2.50.  Finding  a  6  X  layer 
under  a  97  X  layer  with  an  accuracy  of  1  X  is  very  important  for  device 
modeling  studies. 
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Table  10.  El  1  l  pm.roel  ric  Evaluation  .-t  a  !'hin  <  >x  1  de  Uvi-i  on 
Silicon  as  a  Function  ot  the  -ingle  ol  hu  idem  e 
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Table  11.  Multiple  Angle  El  1 ipsomet r 1 e  Evaluation  ot  sill. on 
Oxides  on  a  Silicon  Substrate 


Silicon  oxide  (SiO^)  layer  thickness  97  A 

Silicon  oxide  layer  index  1.49 

Inner  layer  (SiO  )  thickness  6  A 
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Inner  layer  (SiO^)  index  2.50 

Substrate  index,  real  part  3.858 

Substrate  index,  imaginary  part  -0.003 
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Table  13.  Multiple  Angle  Ellipsometric  Measurements  for  a  Silicon  Nitride  Film  on  a  Silicon  Substrate 
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EXPERIMENTAL  RESULTS-  SILICON  ON  SAPPHIRE 


The  SOS  samples  were  measured  with  a  sample  holder  which  had  been 
extensively  modified.  The  modifications  consisted  of  replacing  the  sample 
holding  vacuum  chuck  with  a  rotating  stage,  which  also  contained  a  vacuum 
chuck.  This  new  feature  made  it  possible  to  rotate  the  sample  during  the 
alignment  process.  This  adjustment  was  vital  in  the  case  of  SOS  because 
the  properties  of  the  film  (especial ly the  film  thickness)  vary  from  point 
to  point.  Moreover,  rotation  of  the  sample  is  required  for  alignment 
of  the  optical  axis  of  the  sapphire  substrate.  If  the  optical  axis  of  the 
substrate  lies  in  the  plane  of  incidence,  then  the  conversion  of  P  polar¬ 
ization  to  S  polarization  is  minimized  and  vice  versa.  The  presence  of 
polarization  mixing  due  to  sample  misalignment  or  misorientat ion  gives  rise 
to  a  lack  of  sensitivity  in  the  nulling  instrument  and  to  significant 
errors  in  interpreting  the  data. 

After  the  sample  was  mounted  on  the  rotating  stage,  the  polarizer  was 
set  to  0°,  the  compensator  wavoplatc  was  removed,  and  the  analyzer  is  set  for 
90°.  The  sample  was  then  alternately  rotated  and  tilted  until  the  electronic 
detector  showed  a  minimum.  The  compensator  waveplate  was  then  installed,  and 
the  data  were  obtained  by  the  usual  ell ipsometr ic  process  of  adjusting  the 
polarizer  and  analyzer  for  the  lowest  null. 

Because  of  the  ambiguouc  nature  of  the  orientation  flat  on  one  edge  of 
each  wafer,  these  samples  were  rotated  to  obtain  four  orthogonal  wafer  orienta¬ 
tion  positions  where  minimum  polarization  state  mixing  occurred;  and  A,  , 
versus  data  were  taken  at  each  of  these  angular  positions.  These  data  were 
processed  in  the  standard  ellipsometer  data  processing  routine  to  obtain  the 
refractive  index  and  thickness  at  each  angular  position.  Data  are  plotted  in 
Figure  13  for  sample  10  rotated  through  positions  1,  2,  3,  and  4.  These  data 
sets  are  labeled  10-1,  10-2,  10-3  and  10-4  for  simplicity.  It  is  evident  that 
the  SOS  10-1  data  is  the  best  behaved  as  a  function  of  angle.  This  character¬ 
istic  has  also  been  observed  for  SiO^  films  on  silicon  in  thickness  ranges 
where  the  sensitivity  for  measuring  anisotropy  was  high. 

The  data  from  sample  10-1  were  analyzed  in  the  three-layer  anisotropic 
program,  and  the  results  are  given  in  Table  14.  We  find  here  a  native  oxide 

D  ° 

or  contamination  layer  7  A  thick  with  an  index  of  1 .4  on  top  of  a  4656  A 
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Table  14.  Multiple  Angle  El lipsomet rie  Analysis  of  4600A  Silicon  Layer  on  Sapphire 


silicon  layer.  This  silicon  layer  has  an  index  of  3.997  and  has  an  anisotropy 
of  0.017  in  the  plane  of  the  film  and  of  0.073  perpendicular  to  the  plane  of 
the  film.  (A  schematic  of  the  anisotropy  geometry  is  given  in  Figure  14.) 

This  result  corresponds  to  a  stress  four  times  larger  across  the  film  than 
normal  to  the  film.  This  large  orthogonal  stress  in  the  silicon  film  is 

caused  by  local  Si-Al„0.  interface  shifts  which  relieve  stresses  and  introduce 

L  J  17 

shear  strain  components  in  the  plane  of  the  film.  Recently,  Abrhams  et  al . 

10  2 

reported  enormous  shear  stresses,  of  the  order  of  2  x  10  dyn/cm  ,  near 
threefold  interface  regions  of  silicon,  sapphire,  and  vacuum.  These  shear 
stresses  exceed  compressive  stresses  by  an  order  of  magnitude.  Since  the 
elasto-optic  effect  is  usually  smaller  for  shear  strain  than  for  longitudinal 
strain,  the  effect  of  shear  strain  on  the  anisotropy  induced  in  the  silicon 
film  is  smaller  than  that  due  to  the  longitudinal  strain.  Thus  the  observation 
of  a  second  anisotropy  component  with  a  magnitude  1/4  that  of  the  thermal 
expansion  stress  induced  anisotropy  in  our  experiment  is  not  unreasonable,  and 
it  corroborates  the  existence  of  the  shear  strains  in  silicon. 

The  magnitude  of  the  major  anisotropy  component  o A  ,  and  the  minor  component 
were  translated  into  film  stress  values  using  estimates  of  the  elasto-optic 

O 

constants  of  silicon  at  6328  A.  Silicon  materials  are  basically  opaque  at  this 

wavelength,  and  the  stress  optic  constants  have  not  been  reported.  The  com- 

9  9 

pressive  and  shear  stress  values  are  thus  estimated  to  be  9  x  10  and  2  x  10 
2 

dyn/cra  .  The  compressive  stress  value  is  in  good  agreement  with  the  work  of 

1  o  9  9 

Kamins,  who  reports  values  of  6  to  9  x  10  dyn/cm  .  The  shear  stress  value 

is,  of  course,  incorrect  since  the  shear  elasto-optic  tensor  effect  is  much 

smaller  than  the  compressive  elasto-optic  effect. 

The  ellipsometric  results  for  samples  SOS-12-2  and  -13-4  are  also  given 

in  Table  14.  The  results  for  sample  SOS-13-4  are  easily  compared  with  sample 

SOS— 10— 1  analyzed  earlier  because  the  convergence  levels  are  almost  the  same. 

The  anisotropies  are  quite  different  in  these  two  samples,  and  in  fact  the 

relative  sizes  of  the  anisotropies  for  in  the  plane  and  out  of  the  plane  are 

interchanged.  This  is  not  unexpected  for  SOS  samples  because  the  shear  stress 

is  reported  to  vary  by  an  order  of  magnitude  from  point  to  point  across  the 

sample. ^  7  Sample  SOS-12-2  requires  a  large  in-plane  anisotropy,  but  the  level 

of  convergence  is  poor  (0.70,  0.50).  It  is  possible  that  a  large  component  of 
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strain  in  the  silicon  film  lies  at  an  angle  to  the  plane  of  incidence  of  the 
ellipsometer .  This  would  give  rise  to  strong  polarization  state  mixing  and  a 
good  degree  of  convergence. 

1 .  Early  SOS  Results 

Figure  15  presents  the  results  of  ordinary  ellipsometr ic  measurements 
made  on  wafer  SOS  II.  In  these  measurements,  the  position  of  the  wafer  was 
changed  three  times,  and  the  wafer  was  rotated  for  a  minimum  polarization 
state  mixing  condition.  The  results  for  sample  positions  a,  b,  and  c  are  quite 
different.  Of  the  three  data  sets,  the  sample  position  and  orientation 
labeled  SOS  showed  the  least  variation  with  angle,  and  SOS  IIC  was  the  only 
data  set  that  could  be  crudely  fitted  with  the  programming  available  at  that 
time.  Although  the  refractive  index  variation  with  angle  for  SOS  IIC  is  about 
a  factor  of  two  larger  than  that  shown  earlier  for  SOS  101,  it  is  still  much 
smaller  than  that  obtained  for  orientations  I  la  and  lib.  It  is  this  behavior 
of  the  measured  refractive  index  with  angle  of  incidence  and  sample  orientation 
angle  that  provides  a  clue  as  to  the  usability  of  the  experimental  SOS  data. 
After  enough  of  SOS  samples  have  been  measured,  it  will  be  possible  to  identify 
the  appropriate  orientation  of  the  sample  for  best  data  convergence.  The 
confusion  here  is  that  the  flat  edge  on  the  sapphire  wafer  is  oriented  at 
±45°  to  the  projection  of  the  C  axis  of  the  sapphire.  The  C  axis  is  oriented 
relative  to  th'  plane  at  a  specific  angle  for  best  lattice  matching.  Thus 
there  are  four  possible  sample  orientations  and  only  two  can  be  correct.  When 
these  early  data  were  taken,  this  was  not  well  understood  and  the  optimum 
orientation  was  not  measured. 

Another  problem  with  the  early  SOS  work  was  that  the  index  of  silicon  was 
kept  fixed  during  the  data  processing  because  it  was  assumed  that  the 
anisotropy  was  small.  This  prevented  obtaining  the  optimum  convergence  of  the 
data. 
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Figure  15.  Measured  silir<>n  lndi*x  versus  nn^le  *  |\»r  three 
sample  orientations. 


2. 


Conclusions  on  Anisotropy  in  SOS 


Allowing  the  refractive  index  to  vary  and  using  two  anisotropies  improved 
the  convergence,  as  the  latest  SOS  data  show.  The  combined  results  for  the 
SOS  measurements  lead  to  the  following  conclusions: 

•  Large  optical  anisotropy  exists  in  epitaxial  silicon  films  grown  on 
sapphire  substrates,  and  these  anisotropies  are  measurable  using 
ellipsometry . 

•  The  anisotropy  can  have  components  along  each  of  three  coordinate 
axes;  if  this  coordinate  system  is  not  aligned  with  the  plant  of 
incidence  of  the  ellipsometer ,  polarization  state  mixing  wil.  occur 
and  our  anisotropic  model  will  not  be  able  to  interpret  the  data. 

•  These  optical  anisotropy  components  are  generated  by  compressive 
thermal  stresses  in  the  sapphire  films  and  by  local  shifting  of 

the  films,  which  allows  stress  relaxation  and  shear  strain  component 

•  These  shear  strain  components  have  large  magnitudes  but  their  elasto 
optic  effect  is  not  as  large  as  that  due  to  the  compressive  strains 
generated  by  thermal  stress.  Hence  the  change  in  refractive  index 
generated  by  shear  stresses  in  the  film  are  not  to  be  simply  com¬ 
pared  with  the  changes  in  refractive  index  due  to  thermal  stress. 

•  This  ellipsometr ic  method  developed  for  evaluating  stress  in  SOS 
films  has  led  to  an  evaluation  of  the  anisotropy  in  these  films  and 
can  be  further  exploited  as  a  tool  for  evaluating  the  quality  of 
these  films. 
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SECTION  3 


CONCLUSIONS  AND  DISCUSSION 

A.  ELLIPSOMETRIC  STRESS  MEASUREMENT 

The  goal  of  this  investigation  was  to  develop  an  ellipsometr ic  method 
for  measuring  stress  in  single-layered  thin  oxide  films  on  silicon.  We 
achieved  this  goal  and  in  the  process  also  developed  a  method  for  evaluating 
double-layered  optically  transparent  films.  This  was  needed  because  the 
thermal  oxide  grown  on  silicon  is  composed  of  a  thin  SiO^  transition  layer  and 
a  thicker  SiO^  layer.  The  multiple-angle  el lipsometr ic  measurement  system 
developed  here  is  capable  of  evaluating  the  thickness,  index,  and  anisotropy 
of  the  oxide  layer  as  well  as  the  index  and  thickness  of  the  transition  layer. 

The  method  is  limited  to  specific  film  thickness  regions  for  good  accuracy  in 
measuring  the  anisotropy  in  the  oxide,  but  it  works  almost  everywhere  in 
evaluating  the  other  parameters. 

This  method  has  also  been  modified  in  order  to  evaluate  three-layer 
films  and  las  been  applied  in  a  preliminary  way  to  the  measurement  of 
stress  in  epitaxial  silicon  films  on  sapphire.  The  SOS  system  consists  of  a 
set  of  three  layers  on  a  sapphire  substrate.  The  silicon  layer  lies  closest 
to  the  sapphire  followed  by  layers  of  SiO^  and  Si02*  The  results  of  the  mea¬ 
surements  on  SOS  indicate  that  the  data  cannot  be  fitted  without  using 
anisotropy  values  on  the  order  of  3%.  This  is  30  times  larger  than  for  the 
oxide  on  silicon.  Another  surprising  result  of  this  study  is  that  the  anisotropy 
values  vary  drastically  from  point  to  point  on  the  surface  of  the  sapphire, 
which  we  believe  to  be  due  to  local  variations  in  film  thickness  and  to 
random  detachment  of  the  silicon  from  the  sapphire,  causing  shear  stresses  t  ■ 
be  generated  in  the  silicon  films. 

B.  STRESS  IN  THERMAL  OXIDES 

El  1 ipsometr ic  stress  measurements  were  made  on  all  oxidized  samples  listed 
in  Table  1,  The  resulting  data  are  summarized  in  Table  15  and  described  more 
fully  in  Section  2.D. 
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Table  15.  Inner  Layer  and  Stress  in  Oxide  Samples 
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The  sensitivity  ot  the  stress  measurement  technique  is  limit  eil  t ..  ,  ert.i  .n 
ranges  of  oxide  thickness  (see  Section  2.B).  Inspection  ot  Table  ! 5  indicati  . 
that  only  the  wafers  in  lots  SIT -'3  and  -15  tall  in  the  high-sens  it  ivit  . 
ranges.  Therefore,  only  those  waters  are  considered  to  indicate  oxide  stress 
values  accurately. 

Figure  16  is  a  plot  of  measured  oxide  stress  versus  oxide  thickness  tor 
as-grown  thermal  oxides  in  Tots  STF-3  and  -15.  All  of  these  wafers  were  grown 
at  1100°C  in  a  wet  0^  ambient  and  rapidly  quenched  after  oxide  growth.  1'lie 
data  indicates  that  stress  increases  monotonically  with  oxide  thickness 

O 

over  the  range  from  6,500  to  12,000  A.  This  is  reasonable  since  the  thinner 
oxides  are  more  deformable  and  can  flex  to  relieve  the  inherent  thermal  strain. 
The  data  square  in  Figure  16  shows  the  excellent  agreement  between  the 
ellipsometric  stress  measurement  and  the  value  measured  in  Reference  1  for  a 
(100)  oxide  grown  in  wet  0^.  The  slightly  higher  value  given  in  Reference  1 
may  be  due  to  the  higher  growth  temperature  (1200°C  versus  1100°C  for  this 
work) . 

The  effect  of  a  925°C  ^  anneal  on  the  interfacial  stress  is  shown  in 
Figure  17.  The  indicated  stress  reduction  may  be  due  to  a  re-equilibration  of 
the  Si/Si02  system  at  a  lower  temperature  than  the  growth  temperature  (1100°C) 
and  a  concomitant  reduction  in  the  cooling  range  from  equilibrium  to  room 
temperature.  The  re-equilibration  mechanism  may  be  a  viscous  flow  of  t he 
oxide,  although  studies  have  indicated  that  the  viscous  SiO?  state  is  restricted 
to  temperatures  above  965°C.  Alternatively,  the  stress  relaxation  may  be 
associated  with  damage  annealing  at  the  Si/SiO^  interface. 

C.  CAPACITANCE-VOLTAGE  MEASUREMENTS 

Lots  STF-11  and  STF-14  were  subjected  to  C-V  r„  asurements  to  determine 

a  correlation  between  surface  state  concentration  at  the  Si/SiO,,  interface  and 

growth  conditions.  Table  16  summarizes  the  growth/anneal  conditions  for  the 

wafers  in  each  of  these  lots  and  the  measured  Q  /q.  Lot  STF-11  consists  ot  a 

ss 

wet  oxidation  of  n-type  Si,  while  STF-14  is  a  dry  oxidation  of  p-tvpe  Si. 
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our  lac  i -st  a  t  <.  coik  untrat  ian.i  in  lot  SI1-11  range  irom  -0.82  x  I0^J  t  o 
o .  7  x  10^  cm  “  with  no  apparent  correlation  with  growth  ruiuii  '.ions.  i  ig- 
ar  e  lb  shows  attempts  to  correlate  the  measured  q  /q  with  growth  tempi- rat  ure, 
quench  rate,  and  anneal  temperature.  No  correlation  is  observable  with  anv  oi 
these  variables.  The  range  of  q  /q  found  in  lot  STF-11  is  apparently  due  to 
irregularities  in  cleaning  and  handling  or  to  process  non-uniformities  during 
: ample  preparation.  No  conclusions  can  be  reached  relating  surface-state  con- 
,ai  ration  to  oxide  growth  conditions  from  lot  STF-11. 

■  -V  measurements  were  also  made  on  a  p-type  lot,  STF-14.  All  wafers  in 
this  lot  were  oxidized  in  dry  09  and  quickly  quenched  after  oxidation 
(Table  16).  The  lot  was  then  split  and  annealed  under  varying  conditions. 
Figure  19  shows  plots  of  Q  /q  versus  both  anneal  t  ime  and  temperature.  These 
graphics  indicate  a  strong  decrease  in  q  /q  with  increasing  anneal  time  and 
temperature . 

The  oxide  thicknesses  targeted  for  lots  STF-11  and  STF-14  were  subsequent  1 
found  to  be  within  a  range  in  which  stress  measurements  could  not  he  made 
reliably  (see  Section  2.B).  Therefore,  no  attempt  was  made  to  correlate  the 
observed  C-V  data  with  interfacial  stress.  without  this  additional  information 
the  source  of  the  interface  state  density  variations  in  lots  STF-11  and  STF-14 
cannot  be  uniquely  identified. 

D.  STRESS  IN  SOS  FILMS 

Ellipsometr ic  stress  measurements  were  made  on  various  SOS  wafers  graded 
by  Union  Carbide  according  to  film  quality;  the  data  are  summarized  in  Table  17 
The  quality  grades  seem  to  correlate  most  closely  with  compressive  stress 
value  ■  in  the  three  samples  drawn  in  the  table.  The  h ighest -qua  1  it y  sample 
i "no  haze")  contains  the  most  stress,  with  the  poorest-qua 1  ity  wafer  ("medium 
haze")  showing  no  measurable  compressive  stress.  This  would  indicate  that 
slippage  at  the  Si/Al^O^  interface  is  the  stress  reduction  mechanism  in  SOS, 
resulting  in  a  lowered  value  of  stress,  but  highly  damaged  Si.  These  data 
suggest  an  SOS  quality  assurance  technique  that  might  be  useful:  measuring 
stress  in  SOS  films  using  the  non-destructive  el  1 ipsometr ic  technique  to 
ascertain  quickly  the  quality  of  the  grown  epitaxial  film. 
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Correlation  of  measured  surface  state  density  with  oxide  growth  and  anneal  conditions 
for  lot  STF-11 . 


ANNEAL  TIME,  mm 


Correlation  of  measured  surface 
state  density  with  oxide  anneal 
conditions  for  lot  STF-14. 


Table  17.  Stress  and  Quality  Grade  in  SOS  Samples 


Wafer 

Si 

Si 

Anisotropy 

Compressive 

Shear 

Index 

Thickness, 

X 

Anl 

Anl 

Stress , 
dyne/cm^ 

Stress, 
dyne/ cm2 

Grade 

SOS-10-1 

4.00 

4660 

0.073 

0.017 

i  n10 

1.1  x  10 

2.6  x  109 

No  haze 

SOS-12-2 

3.90 

4810 

0 

0.020 

0 

3.0  x  109 

Medium 

haze 

SOS-13-4 

3.91 

4550 

0.018 

0.0031 

2.7  x  109 

GO 

O 

r — 1 

X 

r". 

Very  light 
haze 

As  discussed  in  Section  2.E,  a  high  degree  of  convergence  in  the  SOS 
data  analysis  program  requires  that  the  local  anisotropy  in  the  film  align 
with  the  coordinate  system  determined  by  the  wafer  surface  and  the  plane  of 
light  incidence.  No  data  are  presented  from  wafer  SOS-11  because  no  posi¬ 
tion  on  this  wafer  could  be  found  to  yield  reliably  convergent  data.  In 
addition,  the  poor  convergence  of  the  SOS-12  data  is  believed  to  be  due  to 
this  nonalignment  problem. 
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As'i’l'INT'  1  X  A 
I.X1T  K  1M1N  I  A I .  MLTHOL) 

,  i .  -  .iti.l  •,  i  i  icon  waliTh  were  mounted  in  a  Rudolph  nulling-type 
'•  r  ui.i  aligned  and  measured  according  to  the  manufacturers  instruc- 
>  are  was  taken  to  ensure  that  the  same  "spot"  on  the  film  was  measured 
i  angle  ot  i  ik  i  d  cnee  to  avoid  variations  in  film  thickness  and  stress 

!;  an  punt  t  .  point  on  the  surface  of  t  lie  film.  The  experimental  data  were 
using  tne  1  our  -ijuad  rant  method*  for  highest  accuracy  and  to  provide  a 
set t -consist aney  check  at  each  angle  of  incidence.  The  data  were  then  prep- 
cessed  to  obtain  A  and  y  and  stored  in  the  computer.  The  multiple-angle 
anisotropic  data  processing  program  was  then  applied  to  the  data  set.  in  this 
procedure,  the  "operator"  selects  parameter  search  ranges  for  film  thickness, 
refractive  index,  and  anisotropy  and  for  substrate  retractive  index.  The 
machine  then  calculates  and  displays  the  values  of  the  parameters  that  fit  tin. 
experimental  data  best  and  the  degree  of  fit  in  terms  of  the  least -squares 
error  in  L  and  tp .  The  operator  can  iterate  two  parameters  at  a  time  t  o  find 
the  optimum  fit  and  he  can  make  a  permanent  record  of  the  experimental  data  and 
the  parameters  that  best  fit  the  data.  If  the  data  does  not  converge  well,  a 
second  subroutine  is  available;  this  subroutine  uses  the  best  fit  index,  thick¬ 
ness,  and  anisotropy  data  to  generate  a  set  of  A,  A  values  to  compare  with  the 
experimental  A,  ip  data  set.  The  differences  are  automatically  printed,  and 
any  gross  discrepancies  are  easily  observed.  These  erroneous  data  points  can 
be  eliminated  to  form  a  new,  truncated  data  set  with  better  convergence  pro- 
erties.  Whenever  this  method  of  data  diagnosis  has  not  worked,  we  have 
assumed  that  the  number  of  layers  used  in  the  data  processing  model  was 
incorrect . 
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ADDEND  IX  B 


THE  EFFECT  OF  STRA 1 N- 1  NDL'CED  ANISOTROPY  IN  THIN  FILMS 
ON  THE  REFLECTION  OF  POLARIZED  LIGHT 


A.  INTRODUCTION 

The  existence  of  optically  anisotropic  thin  film  structures  and  their 

1  9 

measurement  by  ellipsometric  techniques  have  been  reported  by  Den  hngleston. 

The  films  investigated  consisted  of  an  arrav  oi  monomo 1  ecu  la r  layers  ol  well- 

20 

oriented  molecules  which  exhibit  an  anisotropy  unrelated  to  the  properties 

of  the  substrate.  We  have  reported  the  observation  o  st ra in- induced 

14 

anisotropy  in  optical  films.  This  etfect  is  attributed  to  lattice  mismatch 
and  thermal  expansion  coefficient  differences  between  tin  film  and  the  sub¬ 
strate  which  give  rise  to  strain  in  the  film.  the  nntur<  •  the  stress  and 

the  attendant  strain  generated  in  thin  t  i 1  ms  by  this  met h. in  ism  has  been  widtlv 

14  21-25  '<  2 

investigated,  ’  and  stresses  on  the  eider  ot  I  x  !o  in/.m  havt  bt en 

observed  in  both  compression  and  tension.  A  calculation  t  lie  change  in  film 

refractive  index  using  this  stress  level  and  the  bull  el  ast  ..-opt  i.  t. instants 

of  common  optical  film  materials  where  available  shows  that  the  .Range  in 

refractive  index  should  be  less  than  0.5/1. 

An  electromagnetic  analysis  of  reflection  I  rum  a  uniaxial  anisotropi.  tilm 

with  the  optic  axis  of  the  film  orthogonal  to  the  plane  ot  the  i ilm  has  been 

19 

given  by  Den  Engleston.  We  have  expanded  and  applied  Ins  model  to  a  calcula¬ 
tion  of  two  specific  anisotropy  cases:  perpendicular  anisotropy  (in  which  the 
optic  axis  is  perpendicular  to  the  surface  of  the  film  and  parallel  to  the  plan, 
of  incidence)  and  planar  anisotropy  (in  which  the  optic  axis  lies  in  the  plane 
of  the  film  and  is  perpendicular  to  the  plane  of  incidence). 

We  have  not  evaluated  the  third  case,  in  which  the  optic  axis  lies  in  the 
plane  of  the  film  and  is  parallel  to  the  plane  of  incidence,  because  it  is 
expected  to  produce  results  similar  to  the  case  where  the  optic  axis  is  normal 
to  the  plane  of  the  film. 

These  three  orientations  of  the  optic  axes  for  a  uniaxial  material  are  ot 
special  theoretical  interest  in  that  they  preserve  the  s  and  p  polarization 
states  of  the  incident  radiation:  all  other  orientations  mix  in  the  polariza¬ 
tion  states.  This  mixing  leads  to  extreme  complication  both  mathematically  and 
experimentally. 

7 1 


B. 


STRESS- INDUCED  OPTICAL  ANISOTROPY  IN  THIN  FILMS 


It  a  thin  isotropic  film  of  one  solid  material  is  deposited  on  a  substrate 

of  another  solid  material  at  an  elevated  temperature,  and  if  the  materials 

have  different  thermal  expansion  coefficients,  then  strain  will  exist  at  the 

boundary  between  these  materials  after  they  have  cooled  to  an  ambient  tempera- 
27-29 

ture.~  ■"  This  would  be  true  even  if  both  materials  had  matching  lattice 

spacing,  but  the  presence  of  lattice  mismatch  effects  can  either  add  to  or 

29 

subtract  from  the  thermally  induced  strain.  IL  is  the  presence  ot  strain  in 

the  film  (and  substrate)  which  gives  rise  to  optical  anisotropy  in  the  film 

(and  substrate)  via  the  elasto-optic  effect.  The  theory  of  the  elasto-opt  ie 

28 

effect  is  described  in  general  by  a  sixth  rank  tensor  which  relates  the 

change  in  refractive  index  in  the  medium  to  a  strain  induced  in  the  medium. 

For  materials  that  are  optically  isotropic,  the  optical  symmetry  conditions 

reduce  the  complexity  of  this  matrix.  The  independent  variables  in  tlu.se 

matrices,  the  elastic  stresses  or  strains,  are  themselves  fourth-rank  ten- 

30 

sors  which  are  simplified  by  the  conditions  of  elastic  isotropy.  An 
evaluation  of  the  elastic  tensor  in  terms  of  the  elastic  constants  of  the  film 
is  needed  befor  the  elasto-optic  tensor  can  be  employed. 


C.  ANALYSIS 


Analysis  of  an  anisotropic  film  is  in  general  very  difficult  due  to  the 
admixture  of  r  and  s  polarized  fields  by  the  anisotropy  of  the  film.  However, 
a  more  tractable  problem  occurs  if  the  film  exhibits  uniaxial  properties  and 
if  the  unique  axis  is  either  perpendicular  to  the  surface  of  the  film  (per¬ 
pendicular  case)  or  parallel  to  the  plane  of  the  film  and  orthogonal  to  the 
plane  of  incidence  (planar  case).  Using  the  coordinate  system  ol  Figure  B-l 
for  these  two  cases,  the  index  tensor  can  be  expressed  as: 


N 


0 


N 

or 

0 


for  the  perpendicular  case 
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■ — "  -  atfamitatii 


IWfe***^  2- 


0 


0 


N 


N 


or 


0 


for  the  planar  case. 


We  will  assume  that  the  films  and  substrates  are  transparent  in  all  cases. 


1 .  Planar  Anisotropy 

To  calculate  the  reflection  coefficients  for  the  r  and  s  polarizations  of 
the  film  substrate  system  requires  calculating  the  Fresnel  coefficients  of  the 
interfaces  and  the  phase  factor  associated  with  traversal  of  the  film  for  each 
polarization.  At  the  first  interface  (air-film),  the  reflection  coefficients 
are  of  the  form 


r 


1 


(1) 


COS 

COS 


-  N  cos  4> 
ex  ex 


+  N  cos  d> 
ex  ex 


(B.l) 


(1) 


cos  d)  -  N  cos  <f>, 
_ or  or  _ 1 


cos  +  N  cos  <P. 
or  or  1 


( B .  2) 


at  the  film-substrate  interface.  Here  and  below,  the  symbols  are  as  defined  in 
Table  B-l . 


r 


i 


(2) 


N  cos  <f>  -  N  cos  <f>- 

ex  Tex  s _ _3 


N  cos  <t>  +  N  cos  (fl¬ 
ex  ex  s  3 


(B.l) 


r 


(2) 

II 


N  cos  d>_  -  N  cos  <}> 
or _ 3  s _ or_ 

N  cos  <f>-,  +  N  cos  <f> 
or  3  s  or 


(  B  .  A  ) 
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Table  B-l.  Symboli'. 
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and 


If  a  stress  orthogonal  to  the  plane  of  incidence  is  applied  to  the  sub¬ 
strate  film  combination,  anisotropy  can  be  induced  in  the  film  index.  The 
form  of  this  anisotropy  corresponds  to  our  model  of  the  planar  case. 

In  principle,  an  unstressed  film  could  be  measured,  a  clamp  (or  equiva¬ 
lent)  used  to  stress  the  film  in  a  fixture,  and  then  the  film  remeasured. 

The  problem  with  this  approach  is  that  thermal  effects  in  the  fixture  and 
additional  experimental  uncertainties  limit  the  accuracy  of  the  results. 


Perpendicular  Anisotrot 


Isotropic  films  deposited  on  isotropic  substrates  will,  in  general,  he 
anisotropic  due  to  differential  thermal  expansion.  Films  are  frequently 
deposited  at  elevated  substrate  temperatures  and  then  cooled  to  room  tempera¬ 
ture.  The  differential  thermal  expansion  between  the  film  and  substrate 
produces  an  isotropic  stress  in  the  plane  of  the  film  and  therefore,  because 
ot  the  elasto-optic  effect,  produces  optical  an  i  sot  ropy  of  the  perpendicular 
term.  In  this  case,  the  s-po lari  zed  wave  always  "sees"  a  constant  index  N 
as  a  t  tine  l  ion  of  angle  of  incidence.  The  p  polarix.it  ion  component  ,  however , 


!; 
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sees  a  varying  index  as  a  function  of  angle  of  incidence  due  to  the  anisotropy 
of  the  film.  Again,  just  as  in  the  planar  case,  to  calculate  the  reflection 
coefficient  of  the  film-substrate  system  only  requires  calculating  the  Fresnel 
coefficients  at  the  interfaces  and  the  phase  factors  for  traversal  of  the 


R  and  R,,  can  be  calculated  as  before: 

1  II 


rL(1>  ,  r/2>  e*2^ 
’  1  +  r/1'  u<2)  eU£j- 


(  B  .  1  7  ) 


(1)  .  (2) 

r  +  r  e 


l  +  r.,^  r„(2)  e 


IB. 18) 


Inserting  the  expressions  for  the  phase  factors  and  the  single  surface 
Fresnel  coefficients  into  Eqs .  B.17,  B.18,  and  B.10,  R^  and  R ^  can  be  used  to 
calculate  the  parameters  A  3nd  ip .  As  before,  all  angular  variables  (tf^,  rgx , 
and  cp^)  can  be  eliminated  by  using  a  modified  Snell's  law. 

In  our  analysis,  we  neglected  those  elasto-optic  tensor  terms  that 

describe  the  change  in  refractive  index  that  occurs  when  a  shear  stress  is 

applied  to  the  crystal.  These  shear  stresses  will  be  present  in  the  thin 
31 

film  because  the  thermal  expansion  (contraction)  stress  is  applied  at  the 
film  substrate  interface,  and  the  opposite  film  surface  is  a  stress-relief  or 
stress-free  surface.  Under  these  conditions,  a  stress  gradient  is  generated 
normal  to  the  film,  with  concomitant  shear  stresses.  In  the  absence  of 
specific  stress  gradient  data  and  elasto-optic  data,  a  specific  calculation 
of  this  effect  is  not  feasible. 

The  equations  derived  here  have  also  been  applied  to  the  case  of  three 
anisotropic  films  on  an  anisotropic  substrate.  The  only  tractable  solutions 
were  found  for  the  case  where  the  optic  axis  of  the  substrate  is  aligned  in  tht 
plane  of  incidence.  These  equations  are  too  lengthy  to  reproduce  in  this 
report . 
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APPENDIX  C 


PHOTOELASTICITY 


A.  THE  STRESS-OP'l  I C  EFFECT 

The  stress-optic  effect  was  used  in  this  study  to  convert  refractive  index 
anisotropy  data  into  oxide  film  stress  data.  The  theory  of  this  effect 
applied  to  thermal  expansion  coefficient  mismatch  stress  generated  in  thin 
films  was  presented  in  Ref.  14  and  is  summarized  in  Section  C.II.  The  equa¬ 
tions  governing  the  change  in  refractive  index  due  to  stress  are  given  by 


AN1  2  (Ko)  |2qu)  0 

aN2  =  2  (Noj  ( qil  +  qi2 )  0 

AN3  =  l(No)3  (qii+ql2)°  ’ 


where  N  is  the  refractive  index  of  the  film,  and  the  q..  are  the  stress  optic 
o  ij 

tensors.  The  total  anisotropy  is  defined  in  our  programs  by  the  equation 


aN 


£N'2  -  ANx  =  AN3  -  /',N1 


(C .  4  ) 


For  SiO^  films,  the  stress-optic  factor  is  given  by 


(C.5) 


From  the 

the  values  of 
2 

c  /dyn.  The 
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work  of  Primak  and  Post  and  Waxier, 
q^3  and  q  2  arc  equal  to  0.43  x  10  ^ 
stress-optic  factor  is  evaluated  from 


33 

Horowitz,  and  Feldman 
cm^/dyn  and  2.70  x  10  ^ 
Eq .  C.4  using 
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these  values  of  q  and  q^2  and  a  value  of  1.46  for  the  refractive  index  oi 
the  oxide: 


—7  =  -3.55  x  10  13  em^/dyn 


['he  stress  constant  is  calculated  from  Eq .  C.6.* 


+12  2 

0  =  (-2.8  x  10  dyn/em  )  AN 


The  results  measured  for  samples  STF-3-1  and  -2  yielded  anisotropies  over  the 

9  2 

range  -0.00051  to  -0.00090  and  stress  values  over  the  range  1.43  x  10  dyn/cm 
9  2 

to  2.53  x  10  dyn/cm  .  The  positive  sign  on  the  stress  values  indicate  that 
they  are  compressive;  this  is  in  agreement  with  the  linear  thermal  expansion 
for  quartz  and  silicon.  The  silicon  shrinks  much  more  than  the  Si0o  on  cooling 
from  1100°C  to  20°C  and  puts  the  Si02  film  in  compression. 

In  the  case  of  silicon  on  sapphire,  the  stress-optic  coefficients  are  not 

O 

known  at  6328  A  because  the  material  is  not  transparent  at  this  wavelength. 

Using  Eq.  C.5  and  changing  the  refractive  index  from  1.46  (Si0„)  to  3.8714  (Si), 

1 1  7  2 

we  can  estimate  the  stress-optic  constant  to  be  1.511  x  10  dyn/cm  .  The 

anisotropies  measured  for  SOS  samples  were  of  the  order  of  0.07  yielding, 

10  2 

stress  levels  of  the  order  of  10  dyn/cm  for  Si  or  Al^O^. 

B.  THE  ELASTO-OPTIC  EFFECT 

The  change  AN^  in  the  refractive  index  measured  along  a  principal 
coordinate  direction  i  produced  by  strains  (.  is  given  by 

ANX  =  -j  (Nq)3  (P11e1  +  P12£2  +  P12C3) 


AN2  2  <V  'P12E1  +  1 1  e  2  +  P12L33 


1  3 

AN  =  ( N  )  ( P  f  +  p  (  +  p  1  ) 

3  2  o'  u  1 2  1  12  2  r]  1  1 
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where  P..  is  the  elasto-optic  tensor.  In  this  analysis,  the  effect  of  shear 
1 1 

strains  is  assumed  to  be  negligible.  A  similar  set  of  equations  can  be 

written  for  the  relationship  between  the  stress  and  the  strain  E.  induced 

in  an  elastic  medium  in  terms  of  the  compliance  tensor  S.  : 

ij 

el  =  Sll°l  +  S12°2  +  S12°3 


S12°l  +  Sll°2  +  S12°3 


e3  S12°l  +  S12°2  +  Sll°3 


Eqs .  C.8  and  C.9  are  valid  for  either  an  isotropic  (solid  such  as  fused 

quartz)  or  a  cubic  lattice  (such  as  diamond  or  silicon).  In  the  case  of  strain 
induced  by  thermal  expansion  (contraction)  in  a  thin  film,  the  stress  normal 
to  the  surface  of  the  film  must  be  zero  (i.e.,  =  0)  and  the  other  stresses 

must  be  equal  (i.e.,  02  =  0 ^).  This  reduces  the  strain  equations  to  the  form 


C1  "  2  S12  °2 


L2  C3  (S11  +  S12)  °2 


(C . 10) 


and  yields  the  relationship  between  the  strain 


(2  sn) 


1  (Sll  +  S1 2)  2 


(C.ll) 


normal  to  the  plane  of  the  film  Ej  and  the  strain  parallel  to  the  plane  of  the 
film  ^2'  The  strain  in  the  film  (and  in  the  adjacent  substrate)  is  calculated 
from  the  relationship. 


(us  "  af}  :  t 


(CM2) 


■"m 


where  u(-  is  the  thermal  expansion  coefficient  or  the  tnin  film,  uy  is  the 
thermal  expansion  coefficient  of  the  substrate,  and  At  is  the  temperature  drop 
of  the  structure  after  fabrication.  (An  additional  strain  t ^  can  also  occur 
due  to  lattice  mismatch.)  The  symmetry  arguments  which  led  to  Eq .  (C.10)  also 
simplify  Eq .  C.8  to  the  form 

“l  ■  -I  (*of  (Pllcl  +  2P12£2) 

m2  -  m3  -  -i  (--<0)5  (Ty!  +  |pii  +  P12)  Ez)  •  '‘  •n> 

Using  Eq.  C.12  to  evaluate  Eq.  C.ll  to  evaluate  ,  and  Eq .  C.13  to 

evaluate  the  refractive  index  changes  AN^  and  AN~ ,  we  can  determine  the 
anisotropy  in  the  refractive  index  of  a  thin  film  generated  by  a  difference 
in  the  thermal  expansion  coefficients  of  the  film  and  substrate  materials. 

Using  the  linear  thermal  expansion  factor  for  silicon  and  Si02  over  the  thermal 
cooling  range  1100°C  to  20°C,  the  strain  in  Eq .  C.12  has  the  value 

_3  ^ 

-2.45  x  10  and  the  ratio  of  Eq.  C.ll  has  the  value  -0.375.  Solving 

for  the  birefringence  A^  -  AN^  of  Eq.  C.13,  we  obtain  AN  =  AN^  -  AN^  = 
-0.00036.  This  estimate  of  the  thermal  expansion  induced  anisotropy  in  the 
oxide  film  lies  slightly  below  the  range  of  the  anisotropy  values  measured  for 
the  oxide  film  on  silicon.  The  additional  anisotropy  observed  in  these  films 
may  be  due  to  lattice  mismatch  strain  effects  as  well  as  to  thermal  expansion 
strain  effects.  The  latter  effects  can  be  partially  annealed  out,  but  the 
former  are  permanent. 

-13  2 

If  the  stress-optic  constant  C  =  3.56  x  10  (dyn/cm  )  is  multiplied 

9  2 

by  the  stress  value  T  =  2  x  10  dyn/cm  observed  in  SiO„  films  by  other 
32  33 

methods,  ’  the  birefringence  has  a  value  of  N0  “  Ne  =  -0.00070,  which  falls 
near  the  top  of  the  range  of  anisotropy  values  measured  here.  The  fact  that 
the  total  anisotropy  predicted  this  way  is  larger  than  that  predicted  by  thermal 
expansion  theory  supports  the  thesis  that  lattice  mismatch  effects  increase 
the  strain  and  the  anisotropy. 
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APPENDIX  D 


RETROSPECTION:  EARLY  ANISOTROPY  PREDICTIONS 

In  our  earliest  calculations  of  the  effects  of  strain-induced  anisotropy 

in  oxide  films  on  silicon,  we  used  a  simple  model  of  an  anisotropic  oxide  film 

on  a  silicon  substrate.  We  calculated  the  ellipsometric  parameters  A  and  ip 

for  each  oxide  film  thickness,  and  we  processed  the  data  in  the  National  Bureau 

of  Standards  McCracken  program  to  obtain  a  simulation  of  the  measurement 

process.  The  results  for  two  anisotropies  are  given  in  Figures  D-l ,  D-2,  D-3, 

and  D-4.  These  curves  predicted  large  deviations  from  the  "true"  refractive 

index  at  specific  film  thicknesses  and  specific  angles  of  incidence. 

When  experimental  measurements  were  performed  on  appropriate  oxide 

samples,  the  data  and  the  theory  were  widely  divergent.  A  search  of  the 

12 

scientific  literature  gave  the  results  of  Cordes  and  Taft  which  evaluated 
the  ellipsometric  effect  of  an  inner  layer  between  the  oxide  layer  and  the 
silicon  substrate.  This  layer  produced  deviations  in  the  measured  refractive 
index  that  were  larger  than  those  predicted  for  anisotropy  alone.  This  result 
forced  development  of  a  new  approach  to  the  analysis  of  oxide  films  on  silicon. 
The  results  of  this  effort  are  the  multiple-angle  ellipsometric  techniques 
discussed  earlier.  The  summary  of  the  sensitivity  of  this  method  for  evaluat¬ 
ing  anisotropy  is  given  in  Figure  D-4. 

Our  early  theoretical  model  for  stress-induced  anisotropy  in  films  pre¬ 
dicted  that  the  changes  in  A  and  ip  due  to  stress  would  be  most  easily 
observable  at  multiples  of  the  resonant  film  thickness  given  by  the  formula: 

«  -  f(N2-si„24)‘1/2  . 

where  A  is  the  optical  wavelength,  N  is  the  refractive  index  of  the  film,  and 
<t>  is  the  angle  of  incidence  of  the  light.  In  the  case  of  an  SiO,,  film  measured 
at  an  angle  of  incidence  of  70°,  AT  has  a  value  of  2832  A.  We  see  that  A'l 
corresponds  to  the  first  discontinuity  in  Figures  D-l  and  D-2.  At  this  early 
period  in  the  program,  we  mainly  assumed  that  the  "best"  anisotropic  effects 
would  be  observed  at  thicknesses  that  were  integer  or  half-integer  multiples 

O 

of  2832  A.  We  have  plotted  these  thickness  values  as  vertical  lines  on 
Figure  D-4.  ft  is  interesting  that  some  of  these  film  thicknesses  correspond 
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Figure  D-2.  Computer  simulation  of  refractive  index  measured 
versus  film  thickness. 
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to  "good"  places  to  measure  anisotropy  and  others  to  bad  places.  Thus  rhe 
simple  AT  rule  of  thumb  is  not  adequate  for  predicting  the  optimum  film  thick¬ 
ness  for  measuring  anisotropy,  but  it  was  correct  in  about  half  of  the  cases. 
The  growth  of  the  sensitivity  to  anisotropy  with  increasing  film  thickness  in 
Figure  D-4  is  not  unexpected  because  the  increased  optical  path  length  in 
thicker  films  gives  rise  to  larger  anisotropic  phase  shifts.  The  width  of  the 
maximum  is  probably  due  to  the  shifting  together  of  adjacent  peaks  which 
would  have  existed  in  the  absence  of  the  inner  layer  effects. 
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